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Abstract 
Emerging layered semiconductor materials, such as layered transition metal 
dichalcogenides (TMDCs), have exhibited attractive optoelectronic properties and hold a 
significant potential to be implemented for making new photoresponse devices. However, 
to realize working TMDC-based photoresponse devices for practical photovoltaic and 
photodetection applications, we need to (i) create new nanofabrication and 
nanomanufacturing technologies capable of producing TMDC devices with deterministic 
properties, architectures, and arrangements, (ii) develop new materials processing 
approaches capable of modulating various TMDCs to enable different device applications, 
and (iii) advance the device physics for understanding and leveraging the unique photonic 
properties of layered semiconductors.  
The research works presented in this thesis sought to advance the 
scientific/technical knowledge toward addressing the needs mentioned above and 
specifically focused on three relevant topics: (1) invention and demonstration of plasma-
assisted transfer nanoprinting technology capable of producing orderly arranged layered 
material structures into device sites; (2) development and study of plasma-assisted doping 
processes, which can result in permanently stable doping effects in layered 
semiconductors; (3) characterization of a series of photoresponse devices based on 
xxiii 
emerging layered transition metal dichalcogenides (TMDCs), which were fabricated 
using various techniques, including plasma-assisted doping, stacking of graphene-TMDC 
heterostructures, and thin-film-metal-induced surface charge transfer (SCT) doping.  
The first part (i.e., the second chapter) presents a new nanofabrication technique 
for producing layered material and device structures, which is termed as plasma-assisted 
transfer printing. Using this method, high-quality MoS2 flake pixel arrays over cm2-scale 
areas can be transfer-printed onto the dielectric substrate. Specifically, to enable a high 
transfer-printing efficiency, oxygen plasma is used to generate electrical charge on the 
dielectric substrate, and this charge significantly increases the adhesion between as-
printed MoS2 layers and the target dielectric substrate. In addition, this plasma-assisted 
printing technique can be generally used for producing other layered materials and 
nanostructures (e.g., graphene nanoribbons (GNRs)). Finally, we have fabricated and 
characterized field-effect transistors (FETs) based on printed few-layer-MoS2 flakes, 
which exhibit excellent transport characteristics in terms of high ON/OFF current ratios 
in the range of 105-107 and reasonably good field-effect mobility values on SiO2 gate 
dielectrics (i.e., 6 to 44 cm2/Vs), as well as a good uniformity of such FET parameters 
over large areas. 
The second part (i.e., the third chapter) presents a new plasma-assisted doping 
method and the fabrication of permanently stable MoS2-based rectifying diodes using 
selected-area plasma doping. Such plasma-doped diodes exhibit high forward/reverse 
current ratios up to 104 and an excellent long-term stability in the air. Furthermore, 
through studying the transfer characteristics of the FETs made from plasma-doped MoS2 
layers as well as the X-ray photoelectron spectroscopy (XPS) surface characteristics of 
xxiv 
plasma-doped MoS2 flakes, we have identified that the plasma-introduced F or O atoms 
are responsible for the observed p-doping effects in n-type MoS2 flakes and the formation 
of stable p-n junctions. 
The third part (i.e., fourth-to-sixth chapters) presents the systematical study on the 
photoresponse characteristics of TMDC device structures fabricated using various 
techniques. First, multilayer-MoS2-based photovoltaic (PV) devices, consisting of a 
vertically stacked indium-tin-oxide (ITO)/multilayer MoS2/metal structure, were 
fabricated and characterized. Here, the plasma doping approach was implemented to 
generate a p-n junction in the MoS2 photoactive layer. Our PV characterization results 
indicated that such a plasma-induced p-n junction can effectively separate photo-
generated electron-hole (e-h) pairs and significantly enhance the photovoltaic response in 
MoS2-based PV devices. Specifically, our photovoltaic devices exhibit a very high short-
circuit photocurrent density value up to 20.9 mA/cm2 and reasonably good power-
conversion efficiencies up to 2.8% under AM1.5G illumination. In addition, we found 
that the photovoltaic response of MoS2 photovoltaic devices highly depends on the MoS2 
photoactive layer thicknesses, and the optimal thickness for obtaining the highest PV 
performance is in the range of 120 – 210 nm. Second, the photoresponse devices based 
on vertically stacked graphene/p-doped MoS2/ pristine n-type MoS2/metal 
heterostructures were also fabricated and characterized. In comparison with the ITO-
contacted devices, such graphene-contacted heterostructure devices exhibit significantly 
enhanced quantum efficiencies in the blue-near ultraviolet region, which is attributed to 
the low areal density of recombination centers at the graphene/MoS2 interfaces. Third, we 
further fabricated and characterized photoresponse devices with a vertically stacked 
xxv 
ITO/top-metal/pristine WSe2/bottom-metal structure. The operation principle of such 
devices is based on the metal-induced built-in potentials in WSe2-based photoactive 
layers, which can separate photo-generated e-h pairs and result in photovoltaic responses. 
We performed XPS surface analysis to quantify the built-in potentials formed at the 
interfaces between top-metal electrodes and WSe2 photoactive layers. Based on the XPS 
analysis results, we designed the WSe2 photovoltaic devices with various top metals and 
the devices with Zn top metal exhibit PCEs up to 6.7% under the 532 nm illumination. 
The presented works have advanced the scientific knowledge and technical 
capability toward realizing working TMDC-based photoresponse devices for practical 
photovoltaic and photodetection applications. Additionally, the nanofabrication 
approaches developed in these works can be generally used for making other TMDC-
based nanoelectronic and photonic devices, and the obtained device physics knowledge is 
anticipated to greatly leverage the uniquely advantageous optoelectronic properties of 
semiconducting TMDCs for enabling new device applications. 
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          Chapter 1  
 
 
Introduction 
 
1.1 New Opportunities Provided by Atomically Layered Materials 
The consensus definition of two-dimensional materials (or atomically layered 
materials or van de Waals solids) given by Nature reads [1]: 
 
“Two dimensional materials are substances with a thickness of a few nanometers or 
less. Electrons in these materials are free to move in the two-dimensional plane, but 
their restricted motion in the third direction is governed by quantum mechanics.” 
 
Monolayer and few-layer Graphene materials were discovered in 2004 by Novoselov 
and Geim through the mechanical exfoliation of highly ordered pyrolytic graphite 
(HOPG) samples [2]. Graphene is an atomically layered material consisting of sp2 
carbons, in which each carbon atom connects with neighboring carbon atoms through 
three C-C bonds and forms a two-dimensional honeycomb lattice structure. The C-C 
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bonds in graphene layers are approximately 25 % stronger than those in three 
dimensional diamond, and thus graphene is estimated to be one of the most stable 
materials on Earth [3]. The unique transport properties of carriers in graphene layers, 
such as ultrahigh mobility at room temperature (~10,000 cm2 V-1 s-1) and room-
temperature quantum hall effects, have been attracting great interest and extensively 
studied in the fields related to condensed matter physics, nanoelectronics, and quantum 
science [4]. The rise of graphene and other graphene-derived materials has motivated the 
research community to study other families of atomically layered materials that have the 
similar layered structure but different physical and chemical properties. These layered 
materials include hexagonal boron nitrides [5], black phosphorus [6], layered metal 
oxides, Bi2Se3 and Bi2Te3-based topological insulators [7] and transitional metal 
dichalcogenides [8].  
Atomically layered materials in their monolayer, few-layer, and multilayer forms 
have attractive and tunable electronic and photonic properties that could enable new 
active device applications. For example, monolayer and few-layer graphene flakes have 
an unique band structure featuring massless Dirac Fermions [4]. The transport of such 
Dirac Fermions is partially immune to the scattering induced by the defects in graphene 
layers. This transport property could be exploited for making new-generation low-power-
dissipation electronic devices. Another attractive layered electronic/optoelectronic 
material is MoS2, one of the semiconducting transition metal dichalcogenides. The 
bandgap of MoS2 can be modulated from the direct to indirect bandgap through changing 
the MoS2 flake thickness (or the number of stacked layers). In particular, monolayer 
MoS2 has a direct bandgap of ~1.8 eV, whereas multilayer MoS2 has an indirect bandgap 
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of ~0.9 eV [9]. Such a transition behavior from the indirect to direct bandgap and other 
layer-thickness-dependent optoelectronic properties has motivated a series of research 
efforts, seeking to create new optoelectronic devices with tunable transport and 
photoresponse characteristics [10].  
Many atomically layered materials also exhibit superior mechanical properties. 
For example, graphene layers have unprecedented breaking strength up to 42 Nm-1 and 
Young’s modulus up to 1.0 Tpa, which makes graphene one of the strongest materials 
identified to date [11]. Graphene layers can endure more than 20% elastic deformation. 
MoS2 also exhibits a higher Young’s modulus (~270 Gpa) than steel (~200 Gpa) and is 
able to sustain elastic deformation up to 11% without generating fractures [12]. Such 
superb mechanical properties are attributed to the strong in-plane covalent bonds in two-
dimensional layers and could be exploited for making novel flexible and wearable 
electronic and photonic devices.  
All atomically layered materials have ultra-large specific areas and high ratios of 
exposed surface atoms due to their large lateral sizes and atomically thin thicknesses. In 
principle, graphene has a specific surface area up to 2630 m2 g-1 (i.e., the theoretical limit) 
[13]. Recently, specific surface area values as high as 2150 m2 g-1 have been 
experimentally obtained in chemically exfoliated graphene sheets [14]. MoS2 also has a 
relatively high specific surface area of 210 m2 g-1 [15]. Such large specific areas could be 
exploited for a number of surface-area-sensitive device applications, including solar cells 
[16], sensors [17], photocatalysis [18], electrocatalysis [19] and supercapacitors and other 
energy storage media [20]. Furthermore, such high specific surface areas could enable 
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atomically layered materials to serve as material/cost-efficient building blocks for 
synthesizing new functional composites [21-23].  
 
1.2 Attractive Photoresponse Properties of Semiconducting Transition Metal 
Dichalcogenides  
Nowadays, transition metal dichalcogenides (TMDCs) are the most studied 
layered materials for a broad range of applications. The general chemical formula of 
TMDCs is MX2, where M is a transition metal from groups IV, V, and VI of the periodic 
table, and X is a chalcogen element such as S, Se, and Te (Figure 1.1) [24-26]. Because  
 
 
Figure 1.1 3D Model of MoS2 Structure. Single layers, 6.5 Å thick, can be 
exfoliated by using micromechanical cleavage. Courtesy of reference [9] 
5 
of a broad range of applicable combinations of M and X atoms, the TMDC family 
includes metals, semi-metals, semiconductors, and superconductors. In a single TMDC 
layer, metal and chalcogen atoms are covalently bonded together to form a quintuple 
layer structure. In a multilayer TMDC flake, multiple quintuple layers are stacked 
together through the weak van der Waals force [24, 27, 28]. Due to the relatively weak 
interlayer interaction, a mechanical exfoliation process can easily cleave single-layer (or 
few-layer) TMDC flakes from a bulk TMDC ingot [29-31]. Recently, a series of 
fundamental research works have found that semiconducting TMDCs (e.g., MoS2 and 
WSe2) exhibit very unique and attractive photonic properties and could be exploited for 
making new photoresponse devices with unprecedented quantum efficiencies and 
responsivities [32-36]. 
For semiconducting TMDCs such as MoS2, WS2, and WSe2, their electronic 
bands are quantized along the z-direction (for the monolayer or few-layer case) or 
partially quantized due to the d-orbital contribution (for the multilayer case), causing 
sharp peaks in the density of states (DOS) at specific energies (i.e., Van Hove 
singularities, Figure 1.2) [37]. Such singularities are formed near the conduction and 
valence band edges of these layered semiconductors. In the proximity of a Van Hove 
singularity, charge carriers travelling through the TMDC layer tend to freeze at specific 
wave frequencies and wavelengths and therefore become very sensitive to external 
electromagnetic stimuli. Therefore, there is a higher possibility that a photon with energy 
near a bandgap excites e-h pairs (or excitons) in TMDC layers than in regular bulk 
semiconductors. This mechanism results in massive boost in light absorption and 
therefore very high light absorption coefficients for semiconducting TMDCs [37-39].  
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Figure 1.2 Electronic Density of State (DoS) for monolayer TMDCs. (a) The DoS 
for  monolayer TMDCs such as MoS2, WS2, and WSe2. Sharp peaks are shown in 
all three materials that introduce to a strong light-matter interaction. (b) The Joint 
Density of State with the TMDCs. Courtesy of reference [37] 
 
Specifically, a monolayer TMDC layer (~0.6 nm thick) can absorb as much sunlight as 
50 nm of silicon or 12 nm of GaAs [37]. Moreover, TMDC layers have a very high 
mechanical strength and wear resistance, as well as an excellent flexibility. For example, 
a few-layer MoS2 flake can largely retain its electrical properties under a bending 
curvature of the radius of 0.75 mm [40]. Such excellent mechanical properties in 
combination with strong light-matter interaction properties discussed above make 
semiconducting TMDCs very promising candidate materials for making future wearable 
and flexible thin-film optoelectronic devices with superior photoresponse characteristics. 
 In addition to enable new transport properties associated with their monolayer or 
few-layer forms, TMDC layers also provide a new pathway to create a broad variety of 
heterostructures through a vertical stacking of different TMDC layers via van der Waals 
(vdW) interlayer coupling, which has inspired a new wave of research in 2D layer-based 
nanoelectronics [41-45]. In particular, in comparison with conventional compound 
semiconductor heterostructures, van der Waals heterostructures can be easily built by 
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stacking different 2D layers on top of each other without requirement for lattice matching 
[45]. 
 
1.3 Need of New Nanofabrication and Nanomanufacturing Technologies for 
Producing Electronic and Optoelectronic Devices Based on Layered 
Transition Metal Dichalcogenides 
In order to leverage the superior electronic and photonic properties of TMDCs 
and other layered semiconductors for practical scale-up applications, we need new 
upscalable nanofabrication techniques capable of producing TMDC materials over large 
areas and integrating well-defined TMDC structures into orderly arranged device sites. 
Recently, a great deal of research efforts have concentrated on the production of 
monolayer TMDC structures because such monolayer structures have direct bandgaps 
and are suitable for light emitting applications [46-52]. Many of these efforts used 
chemical synthesis methods to produce TMDC monolayers over large areas [53-56]. 
However, high-quality few-layer (i.e., thickness <10 nm) and multilayer (typically 10s to 
100s nm thick) TMDC structures are indeed demanded for many practical nanoelectronic 
and optoelectronic applications. This is because of that only multilayer/few-layer 
structures can provide sizable amount of electronic/photonic states to generate large 
current/voltage signals for power-switching transistor applications or absorb a large 
number of photons for photoresponse device applications [57-60]. In spite of these 
demands of multilayer TMDC structures, there have been very few research efforts 
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dedicated to producing high quality multilayer TMDC device structures with a high 
uniformity of thicknesses and electronic properties over large areas. 
In addition to the need of the methods for producing TMDC device structures, we 
also need appropriate doping approaches capable of precisely modulating the 
electronic/optoelectronic properties of as-produced TMDC layers and therefore enabling 
TMDC-based electronic and optoelectronic devices with deterministic transport 
properties. Such doping methods applicable for TMDC semiconductors still remain a 
critical challenge in the research community [61-63]. The conventional doping 
techniques, such as energetic ion implantation and ion diffusion, dedicated for regular 
bulk semiconductors are not applicable to TMDCs because they can result in detrimental 
and permanent damage to the layered crystal structure. Therefore, the development 
/characterization of new methods for doping various TMDC materials without inducing 
detrimental damage is another important nanofabrication-oriented research topic. Such 
prospective doping techniques also need to be compatible with scale-up manufacturing 
processes and can largely retain TMDC’s structural and physical properties.  
In spite of already identified strong light-matter interaction properties and high 
light absorption coefficients of semiconducting TMDCs (e.g., MoS2, WSe2, and WS2), 
people have not experimentally created TMDC-based prototype optoelectronic devices 
with unprecedented performance. This is mainly because of that we still lack the device 
physics knowledge and technical skills for controlling the electronic band structures of 
various TMDCs to meet the needs of different device applications. Especially, to realize 
high-performance TMDC-based photoresponse devices (e.g., photovoltaic and 
photodetection devices), sizable built-in potential barriers need to be generated inside 
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TMDC photoactive layers. Such built-in potentials are needed for separating photon-
generated e-h pairs (or excitons) and also effectively suppressing the reverse dark 
saturation currents. Such a need of built-in potentials is much more critical for TMDCs 
than for conventional bulk semiconductors (e.g., Si) because the excitons in TMDCs have 
relatively large binding energies in the order of magnitude of 100s meV [64]. Several 
teams have proposed and studied a few approaches to generate built-in potentials (or 
apply external fields) in TMDC layers for generating photocurrent signals. Fontana et al. 
presented MoS2 Schottky junction diodes with Pd/Au contact pairs, in which the 
discrepancy between Pd and Au electrodes in their work functions results in a built-in 
potential in the MoS2 layer [65]. Yu et al. demonstrated the generation and modulation of 
the photocurrent in a vertically stacked graphene-MoS2 heterostructure by applying the 
gating electric field [32]. Pospichil et al. fabricated and characterized WSe2-based p-n 
photodiodes, in which a dual-gate structure is implemented to generate the electrostatic 
doping effect and photovoltaic response signals (Figure 1.3 (a)) [66]. Furchi et al. [67] 
 
 
Figure 1.3 TMDCs based photodiode devices  (a) The monolayer WSe2 
photodiode with separated dual back gate electrode (b) n-type MoS2-p type WSe2 
heterostructure p-n diode Courtesy of reference [66, 67] 
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and Cheng et al. [68] constructed heterojunction photo-diodes by stacking MoS2 and 
WSe2 layers (Figure 1.3 (b)), and built-in potentials at MoS2/WSe2 interfaces formed due 
to their band alignment configurations can separate photo-generated excitons. However 
none of these methods are appropriated for practical scale-up optoelectronic applications, 
given their high fabrication costs and relatively complex device architectures.  
 
1.4 Summary of Dissertation   
To address the scientific and technical gaps discussed in the section 1.3, I have 
finished a series of nanofabrication/device-oriented projects, which are presented in this 
dissertation. The whole dissertation is divided into three main parts: (1) plasma-assisted 
nanoprinting processes for generating large-area few-layer TMDC device structure arrays 
(Chapter 2); (2) plasma-assisted doping technology for fabricating MoS2-based p-n 
junction diodes (Chapter 3); (3) vertically-stacked photovoltaic devices based on two-
dimensional materials (Chapter 4, 5, and 6). 
In chapter 2, a novel nanoprinting approach based on plasma-generated surface 
charge is presented, which was developed by us for transfer-printing prepatterned MoS2 
flakes into ordered arrays over cm2-scale areas. Using such printed MoS2 feature arrays, 
high-performance n-type MoS2 field-effect transistors (FETs) have been fabricated and 
characterized. Such FETs exhibit excellent transport characteristics (e.g., ON/OFF 
current ratio: 105-107, field-effect mobility on SiO2 gate dielectrics: 6 to 44 cm2/(V s)) as 
well as a good uniformity of critical FET parameters over large areas.  
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In chapter 3, I present a method for fabricating permanently stable MoS2 
rectifying diodes using selected-area plasma doping. Here, using the FET transport 
characterization in combination with the X-ray photoelectron spectroscopic (XPS) 
surface analysis, it has been confirmed that the rectifying characteristics of the MoS2 
diodes under study are attributed to plasma-induced p-doping. Such plasma-doped diodes 
have high forward/reverse current ratios (~104 for SF6-treated diodes) and good long-
term stability. 
In chapter 4, I present the fabrication and characterization of the photoresponse 
devices with a vertically stacked indium tin oxide (ITO) electrode/multilayer MoS2/metal 
electrode structure. The device fabrication is based on the nanoprinting methods 
discussed in chapter 2. Using the plasma doping approach discussed in chapter 3, I 
created p-n junction built-in potentials in MoS2 photoactive layers for separating photo-
generated electron-hole pairs, enhancing the photovoltaic responses, and decreasing 
reverse dark currents. Such photovoltaic devices exhibit high short-circuit photocurrent 
density values up to 20.9 mA/cm2 and reasonably good power-conversion efficiencies up 
to 2.8% under AM1.5G illumination. 
In the project presented in chapter 5, I investigate the photodiode responses of 
vertically-stacked graphene/plasma-doped MoS2/metal heterostructures. As compared to 
ITO/plasma-doped MoS2/metal structures discussed in chapter 4, the 
graphene/MoS2/metal heterostructures show greatly enhanced external quantum 
efficiencies in the blue-near ultraviolet (NUV) wavelength regime, which is attributed to 
the low density of recombination centers at the graphene/MoS2 heterojunction interfaces. 
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In the work presented in chapter 6, I study the photoresponse characteristics of 
WSe2-based photodiodes. In such devices, pristine WSe2 photoactive layers are vertically 
sandwiched by a pair of top and bottom thin-film-metal electrodes. The characterization 
of such devices have indicated that the work-function difference between the top metal 
electrode and WSe2 layers plays a critical role in generating built-in potentials for 
separating photo-generated electron-hole pairs and therefore photovoltaic responses. The 
fabricated devices with the Zn-based top metal electrode show photo-conversion 
efficiencies up to 6.7% under 532 nm illumination and external quantum efficiencies in 
the range of 40%–83% for visible lights. 
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          Chapter 2  
 
 
Plasma-Assisted Printing of MoS2 Flakes into Large-Area Arrays 
2.1 Introduction 
Molybdenum disulfide (MoS2) is one of the layered transition metal 
dichalcogenides (TMDCs) [69]. It has been broadly used as a dry lubricant and as a 
catalyst for desulfurization in petroleum industries [70]. Recently, MoS2 attracted a great 
deal of attention due to its attractive optoelectronic, electronic, and mechanical properties 
[9, 40, 71, 72]. In the bulk form, MoS2 is a semiconductor with an indirect band gap of 
~1.2 eV [73]. In the monolayer form, MoS2 has a large direct bandgap of ~1.8 eV [72].  
Therefore, MoS2 can replace with zero-bandgap graphene and enable new 
semiconductor-related applications of two-dimensional (2-D) materials such as thin-film 
transistors (TFTs) [9, 74], phototransistors [36], chemical sensors [75], integrated circuits 
(ICs) [52], and thin-film light-emitting diodes (LEDs) [76]. MoS2, as a 2-D layered 
nanoelectronic material, is beneficial over bulk Si for suppressing the undesirable 
tunneling between drain and source regions at the scaling limit of transistors and 
therefore introduces advantages for miniaturization of electronic devices beyond Moore’s 
Law [77]. Moreover, multilayer MoS2 has relatively high in-plane carrier mobility 
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comparable to that of crystalline Si [78], as well as robust mechanical and chemical 
properties, which makes it an attractive material for making bendable electronic devices 
with high performance and long lifetime [40, 52, 79]. 
A broad variety of prototype devices based on few-layer MoS2, including field 
effect transistors [9], phototransistors [36], integrated circuits [52] and sensors [17, 75], 
have been fabricated and researched in laboratories. However, the scale-up applications 
of electronic devices based on MoS2, especially the mass production of commercially 
viable products, require large arrays of orderly arranged MoS2 structures. This 
requirement breaks down into two critical challenges in manufacturing, which are (1) 
integrating pristine MoS2 layers over large areas and (2) patterning MoS2 into ordered 
micro- and nanostructures to achieve the required functionality. Several approaches have 
been studied to produce MoS2 for large area applications, such as scotch tape exfoliation 
[2, 79], liquid phase exfoliation in an organic solvent [80, 81], intercalation followed with 
forced hydration [76, 82, 83], transition metal sulfurization [84, 85], thermal 
decomposition of thiosalts [86], chemical vapor deposition (CVD) [54, 87], and van der 
Waals epitaxial growth [88], etc. So far, a few efforts have been devoted to the 
lithographic patterning of MoS2 sheets and the deposition of MoS2 crystals into ordered 
arrays [89-91]. However all of these technologies still suffer from one or more challenges 
and cannot produce ordered pristine MoS2 device arrays over large areas. Epitaxial 
methods and CVD are promising to make ultrathin MoS2 flakes over large areas in the 
future, but the current as-grown MoS2 samples still feature randomly distributed micro- 
or nanoflakes with 100s nm to 10s um scale crystalline domains that are much smaller 
than the crystalline domains achieved in geographic MoS2 materials (typically, 1 to 100s 
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μm size) [54, 87]. Obviously, a top-down manufacturing method capable of creating 
orderly arranged pristine few-layer MoS2 features would have a transformative impact on 
future manufacturing of MoS2 electronic and optoelectronic devices. 
In this chapter, we demonstrate novel transfer-printing processes for producing 
large-area arrays of prepatterned few-layer MoS2 features. In this work, bulk MoS2 ingots 
are pre-structured with relief patterns by lithographic techniques and subsequently serve 
as stamps for printing out MoS2 features on pristine and plasma-charged SiO2 substrates. 
Here, SiO2 is selected as the substrate material, because SiOx-based substrates are widely 
applied on electronic applications. Consequently, the approaches presented in this work 
can be generally used for other SiOx -based substrates such as glass, fused silica, flexible 
silicone rubber, etc. The few-layer MoS2 pixel features printed on such SiOx substrates 
have been used to make working transistors exhibiting excellent performance. In the 
future, the demonstrated printing approaches in combination with other upscalable 
nanolithography methods and new high-k gate dielectric layers may be employed to 
fabricate high-performance MoS2-based large-scale integrated circuits (LSI). 
 
2.2 Experimental Setup of Plasma Assisted Printing   
The fabrication process to produce orderly arranged prepatterned few-layer MoS2 
flakes over large area consists of two main stages; 1) prepatterning of bulk MoS2 stamp 
and 2) transfer printing of prepatterned MoS2 flakes. Figure 2.1 schematically illustrates 
the transfer-printing of prepatterned MoS2 flakes.  
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2.2.1 Prepatterning of Bulk MoS2 Stamps 
The fabrication process starts with a piece of pristine bulk MoS2 (SPI, Inc., size 
~1 cm2). A piece of bulk MoS2 is mechanically exfoliated from an initial MoS2 source 
sample and firmly fixed onto a flexible copper tape (Figure 2.1 (1)). The exfoliated MoS2  
 
 
Figure 2.1 Schematic flow chart of transfer-printing of prepatterned few-layer 
MoS2 flakes, which consist of (1) initial bulk MoS2 with a clean surface; (2) 
photolithography for patterning array features; (3) formation of titanium metal 
masks by metal deposition followed with lift-off; (4) SF6 RIE plasma etching of 
underlying MoS2; (5) removal of Ti masks and finalization of a bulk MoS2 stamp 
bearing projecting features; (6) plasma treatment of the target SiO2 substrate; (7) 
direct transfer-printing of prepatterned few-layer MoS2 flakes onto the plasma 
treated substrate. 
 
film has a fresh and clean surface with total area of ~1 cm2. To pattern micro size relief 
features on the bulk MoS2, a SPR220 3.0 photoresist layer is spun onto the MoS2 surface 
and exposed by a Karl Suss MA/BA6 photoaligner (Figure 2.1 (2)). The photomask used 
for this work has periodic pillar patterns with diameters ranging from 3 to 10 μm. After 
development, 100 nm thick Ti metal masks are covered on the MoS2 surface by using 
electron-beam evaporation followed with lift-off process (Figure 2.1 (3)). Afterward, the 
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Ti mask patterns are etched onto the underlying MoS2 using a SF6- based RIE plasma 
etching with recipe (i.e., SF6 flow rate 20 sccm, pressure 20 mTorr, power 200 W) with 
an etching rate of ~5 nm/sec (Figure 2.1 (4)) [92, 93]. Finally, the Ti masks are removed 
by soaking the sample in a diluted HF acid solution (Figure 2.1 (5)). Figure 2.2 exhibits 
SEM images of as fabricated bulk MoS2 stamp prepatterned with 5 μm size, 600 nm high 
pillars. The right side zoomed view in Figure 2.2 presents that the SF6 plasma-etched area 
shows a high roughness due to plasma etching or ion bombardment. However, the raised 
pillar mesas covered by the titanium masks are still as smooth as a pristine MoS2 surface. 
This should allow a conformal contact with the flat substrate during a mechanical 
printing process, and consequently a high transfer-printing efficiency of MoS2 flakes. 
 
Figure 2.2 SEM images of a bulk MoS2 stamp pre-structured with 5 μm size 
periodic pillars. 
 
2.2.2 Transfer Printing of Prepatterned MoS2 Flakes onto Substrates 
Prepatterned bulk MoS2 stamp is printed onto SiO2/Si substrates that are cleaned 
by standard RCA cleaning process. To perform a transfer printing, a bulk MoS2 stamp 
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and a SiO2/Si substrate are firmly pressed to each other by using a lab-made pressing tool 
that can provide a gauge pressure up to 3 MPa for contact printing (Figure 2.1 (7)). To 
improve the bonding strength between the MoS2 flakes and the SiO2 surface, a O2-based 
plasma with recipe (i.e., O2 flow rate 50 sccm, pressure 25 mTorr, power 100 W, time 
duration 2 min) is applied to treat the SiO2 surface before the printing step (Figure 2.1 
(6)). Such a plasma treatment is expected to provide uniformly distributed electric 
charges on the SiO2 surface that can introduce additional electrostatic attractive stress for 
exfoliating prepatterned few-layer MoS2 flakes from the bulk stamp [94]. After the 
printing process, the printed MoS2 array features are investigated by using a scanning 
electron microscope in secondary electron and backscattered modes as well as an optical 
microscope. An atomic force microscope is used to study the thickness of printed MoS2 
features in the tapping mode. In addition, an X-ray energy dispersive spectrometer 
cooperated with a SEM system is employed to verify the presence of MoS2 features 
within the printed areas. 
 
2.2.3 Plasma-Assisted Transfer Printing of Graphene Nanoribbons 
We also applied the plasma-assisted printing technique for another two-
dimensional material to produce graphene nanoribbons. First, a highly oriented pyrolytic 
graphite stamp (HOPG, SPI, Inc.) is prepatterned with 100 nm half-pitch with 100 nm 
deep relief gratings. Such grating features are replicated from a master mold (Nanonex, 
Inc.) by thermal nanoimprint lithography (T-NIL) followed by O2-based plasma etching 
process. The fabricated HOPG stamp is subsequently used to print out graphene 
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nanoribbons onto plasma-charged SiO2 substrates. The plasm-assisted printing process 
presented here is the same as the method used for printing microscale MoS2 feature 
arrays. 
 
2.3 Experimental Results of Plasma-Assisted Transfer Printing   
The plasma-assisted transfer printing process can produce MoS2 device patterns 
directly from pristine geographic MoS2 materials that have the largest crystalline domains 
(typically, 1 to 100's μm size) and the best electronic properties to date. In addition, this 
approach can be generally applied for manufacturing other emerging layered materials 
such as graphene [95-97], boron nitride [98, 99], and topological insulator thin films 
[100]. Such a plasma-assisted transfer-printing process is significantly advantageous over 
voltage-based electrostatic exfoliation process previously developed by Liang et al. for 
producing atomically layered materials, in terms of application scope and printing 
uniformity. In particular, plasma-assisted printing can be used for any substrates with a 
dielectric layer, whereas voltage-based exfoliation methods can only be applied to 
conductive substrates. Moreover, plasma-induced surface charges are usually 
immobilized and uniformly distributed over dielectric substrates and, therefore, provide 
uniform attractive stress for printing MoS2 features over large areas. However, voltage-
generated free charges are movable in the conductive substrate, and they tend to 
concentrate at locations with the smallest stamp/substrate gap, resulting in nonuniform 
electrostatic printing stress and a high risk of electrical leakage. 
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2.3.1 Printed MoS2 Pixel Arrays on SiO2 Surfaces  
Figure 2.3 (a) and (c) shows SEM images of MoS2 features printed on a pristine 
SiO2 surface. These images, captured over a large printed area (~ 1 cm2), show that the 
mechanical printing process can generate over large-area, orderly arranged arrays of 
 
 
Figure 2.3 (a) A SEM image of arrays of 10 μm size MoS2 pixel flakes printed 
onto a pristine SiO2 substrate. (b) Statistical distribution of flake thickness data 
acquired by using AFM. (c) SEM images of periodic arrays of 10 µm size MoS2 
flakes printed onto a pristine SiO2 surface, which were acquired from different 
locations over the printed area, as indicated by the red arrows. 
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MoS2 pixel features. However, most of the printed pixels have irregular edge profiles that 
are not faithfully correlated to the edge profiles of pillars prepatterned on the bulk MoS2 
stamp. The thickness data of MoS2 pixels were characterized by AFM. For each of 
printed MoS2 pixels, the average flake thickness was analyzed from AFM topographic 
data. Figure 2.3 (b) exhibits the statistical distribution of the average thickness data of 
100 MoS2 flake pixels of 10 μm size produced in a single transfer-printing cycle. Figure 
2.3 (b) exhibits that the overall average flake thickness is measured to be 4.1 nm (~ 6 
monolayers), and the standard deviation is 2.2 nm (~ 3 monolayers) over ~ 1 cm2 area. 
About 95% and 80% of printed MoS2 flakes are thinner than 10 nm and 5 nm, 
respectively.    
Figure 2.4 exhibits a SEM image of MoS2 patterns printed onto an O2 plasma-
charged SiO2 substrate. Figure 2.5 shows more SEM images of MoS2 patterns with 
different dimension sizes, which were captured from various locations over the printed 
area. These images exhibit that the printing process on plasma-treated substrates can 
produce over large-area, orderly arranged arrays of MoS2 pixels with a higher uniformity 
of pixel profiles in comparison with the printing result on a non-treated pristine substrate. 
In particular, MoS2 pixel patterns show clear, well-defined edge profiles that are 
faithfully correlated to the edge profiles of pillars prepatterned on the MoS2 bulk stamp. 
The zoomed image in Figure 2.4 (b) reveals that the sharp edge profile of a MoS2 pixel is 
indeed made up of a ring-like MoS2 flake. The width of such outer edge of MoS2 pixels 
ranges from 200 to 400 nm. Besides these edge ring features, there are indeed thinner 
MoS2 films or flakes fill the inner regions enclosed by the edge rings. These inner MoS2 
flakes typically present a poor feature contrast in secondary-electron images and optical 
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Figure 2.4 (a) and (b): Secondary-electron SEM images of MoS2 pixel arrays 
printed onto an O2 plasma-charged substrate, which exhibit clear, well-defined 
edge profiles faithfully correlated to the edge profiles of pillar features on the bulk 
MoS2 stamps. (c) and (d): Back-scattered SEM images of MoS2 pixel arrays, 
which show the presence of thin inner MoS2 flakes within each of printed pixels. 
(e): A back-scattered image of MoS2 pixels with broken inner films. 
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Figure 2.5 (a) SEM images of periodic arrays of MoS2 patterns printed onto a 
plasma-charged SiO2 surface, which were acquired from different locations over 
the printed area, as indicated by the red arrows. (b) SEM images of MoS2 pixels 
with various feature sizes. All the MoS2 features printed on the plasma-charged 
substrates exhibit clear, well-defined edge profiles that are faithfully duplicated 
from the edge profiles of the pillar features on the bulk MoS2 stamps. 
 
micrographs. To improve the imaging contrast, printed MoS2 pixels were also imaged by 
detecting back-scattered electrons (BSEs), as shown in Figure 2.4 (c)-(e), which are used 
to detect contrast between areas with different chemical compositions. Such BSE image 
contrast clearly shows the presence of thin MoS2 flakes within each of pixels. X-ray 
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energy dispersive spectrometer (EDS) spectra were measured from the edge ribbons as 
well as the inner films of MoS2 pixels, as shown in Figure 2.6. The EDS results show the 
presence of sulfur and molybdenum in both the edge and inner portions of printed pixels. 
Further, Figure 2.7 exhibits optical micrographs of printed MoS2 pixels on a 330 nm thick 
SiO2 substrate, and the feature contrast further displays the presence of inner flakes 
within printed MoS2 pixels. The spatial variation of BSE image contrast and the EDS 
intensity of sulfur/molybdenum peaks suggest an inter-pixel variation of MoS2 pixel 
thickness over the printed substrate. 
 
 
 
Figure 2.6 X-ray energy dispersive spectrometer (EDS) spectra of (a) the outer 
edge ribbon of a printed MoS2 pixel and (b) the inner flake of a MoS2 pixel. The 
dashed red squares in the inset SEM images indicate the locations on the samples 
where the EDS spectra were obtained.  
 
To measure the inner flake thickness data, MoS2 pixels with partially broken inner 
films (e.g., the pixels shown in Figure 2.4 (e)) were imaged by AFM, and the thickness of 
an inner flake was captured from its broken edges. Figure 2.8 (a) shows an AFM image 
of an exemplary MoS2 pixel consisting of a thick outer edge part and broken inner flakes. 
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Figure 2.7 Optical micrographs of printed MoS2 pixel arrays on a 330 nm thick 
SiO2 substrate: (a) a low-magnification view; (b) a zoomed view of printed pixels 
with continuous inner films; (c) a zoomed view of printed pixels with broken 
inner films. All printed pixels exhibit regular edge profiles faithfully duplicated 
from prepatterned pillars on the bulk MoS2 stamps. 
 
The scan line denoted by the solid line in Figure 2.8 (b) displays that the thickness values 
captured at the left and the right sides of this outer edge portion are 7 nm (~11 
monolayers) and 8 nm (~12 monolayers), respectively; the thickness of the broken inner 
flakes is measured to be 2.4 nm (~4 monolayers). The thickness data obtained from 10 
scan lines are used to calculate the average thickness of the inner film and the outer edge 
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Figure 2.8 (a) AFM image of a 10 μm size MoS2 pixel printed on a plasma-
charged SiO2 substrate. The solid line indicates a scanning trace across the pixel, 
which is explicitly plotted in (b). (c) Stacked column chart of the average 
thickness data collected from 100 as-printed MoS2 pixels. 
 
portion of an individual MoS2 pixel. Figure 2.8 (c) demonstrates the statistical 
distribution of the average thickness data of 100 MoS2 pixels printed on a plasma-
charged substrate. Here, the thickness data of inner films (solid columns) and outer edge 
ribbons (blue hatched columns) of MoS2 pixels are separately plotted. Figure 2.8 (c) 
indicates that the overall average thickness of outer edge ribbons is 17 nm (∼26 
monolayers) with a standard deviation of 3 nm (∼5 monolayers), whereas the overall 
average thickness of inner films is 3.0 nm (∼5 monolayers) with a standard deviation of 
1.9 nm (∼3 monolayers). About 90% of inner flakes of MoS2 pixels printed on a plasma-
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charged SiO2 substrate are thinner than 5 nm (∼8 monolayers). Based on such SEM, 
EDS and AFM characterizations, it is concluded that microscale MoS2 pixels printed on 
plasma-charged surface have relatively thinner inner films or flakes enclosed by 
relatively thicker ring-like edge borders and a higher yield of MoS2 flakes with numbers 
of layers less than 6 in comparison with pixels printed on a non-treated pristine SiO2 
substrate.   
Although plasma-assisted printing can produce large-area arrays of microscale 
MoS2 pixels with regular edge profiles, some pixels have broken areas in their inner 
regions, as shown in Figure 2.4 (e) and Figure 2.7 (c). This is resulted by several possible 
reasons, including the limited size of crystalline domains in bulk MoS2, nonuniformity of 
attractive stress within a microscale MoS2 pixel mesa feature, and the paradigm rule that 
the direct exfoliation of large size atomic layers (i.e., the whole microscale pixel film free 
of defects) are thermodynamically unfavorable [101, 102]. Such an analysis indicates that 
it is desirable to prepattern bulk MoS2 stamps with dense nanostructures which can 
enhance the printing fidelity and eliminate the defects in the middle of printed patterns. 
Moreover, such nanostructures are promising to generate the higher fringe field during 
printing processes because of the higher density of sharp feature edges and result in the 
higher transfer-printing efficiency of MoS2 features.  
 
2.3.1 Printed Graphene Nanoribbons on SiO2 Surfaces 
So far we have not achieved a scalable process for patterning nanostructures on 
bulk MoS2 because of its overly rough surface. However, we have realized the 
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nanopatterning of highly oriented pyrolytic graphite (HOPG) stamps with 100 nm half-
pitch gratings by nanoimprint lithography, as shown in Figure 2.9 (a) [103, 104]. Figure 
2.9 (b) presents the SEM images of 100 nm half-pitch graphene nanoribbons (GNRs) 
printed by using plasma-assisted printing. The printed GNRs are uniform over large areas 
and do not show any defects in the middle of individual ribbons. The thickness of GNRs 
was measured to be 2.0 ± 1.0 nm by using an AFM. This work indicates that (1) 
nanoscale defect-free atomic layer patterns can be more easily printed by using plasma-
assisted printing compared to microscale features; (2) plasma-assisted printing can 
generally use for producing high-quality nanostructures of other atomically layered 
materials.  
 
Figure 2.9 SEM images of (a) a HOPG stamp prepatterned with 100 nm half-
pitch relief gratings by using nanoimprint lithography followed with plasma 
etching, and (b) graphene nanoribbons printed onto a plasma-charged SiO2 
substrate. 
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2.4 Maxwell Stress Tensor Calculation of Attractive Stress between Bulk 
MoS2 Stamps and Dielectric Substrates 
In order to understand plasma-assisted printing mechanisms responsible for the 
resultant morphology of MoS2 pixels, Maxwell stress tensor calculation was used for 
evaluating the distribution of surface charge-induced electrostatic attractive stress 
between the bulk MoS2 stamp and the dielectric substrate [105, 106]. Figure 2.10 (a) 
illustrates the two-dimensional model for the simulation, in which a plasma charged SiO2 
substrate is in contact with a bulk MoS2 stamp. The surface charge density is arbitrarily 
assumed to 0.05 C/m2 (currently experimentally measured data of surface charge 
densities is insufficient). Figure 2.10 (b) plots the simulated attractive stress exerted by 
the plasma-charged SiO2 substrate on the bulk MoS2 stamp as a function of positions. 
Figure 2.10 (c) shows the zoom-up view of the attractive stress distribution within a 
single MoS2 mesa in contact with a SiO2 surface. It is found that the attractive stress 
applying on a microscale MoS2 mesa is uniform in the middle area of the mesa but is 
significantly increased along the mesa edges due to the fringe effect. During a transfer 
printing process, such high attractive stress at the mesa edges is expected to produce the 
exfoliation of MoS2 flake pixels with well-defined edges, as experimentally demonstrated. 
Moreover, the strong electric field at the interface between MoS2 and SiO2 is expected to 
influence dispersion and dipole interactions of atoms there and therefore change the 
cohesive energy of MoS2 layers close to the SiO2 surface [107, 108]. This could lead to a 
dependence of the number of printed MoS2 monolayers on the field magnitude, which 
could qualitatively support our experimental result that for MoS2 pixels printed on 
plasma-charged substrates the edge portions are statistically thicker than the inner flakes, 
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Figure 2.10 (a) Illustration of the 2-D model for Maxwell stress tensor calculation 
of surface charge-induced electrostatic attractive stress between the bulk MoS2 
stamp and the dielectric substrate. (b) Calculated attractive stress plotted as a 
function of positions. (c) Zoomed view of attractive stress distribution within a 
single MoS2 mesa in contact with a SiO2 surface.  
 
as shown in Figure 2.8 (c). Our future theoretical simulation work will incorporate 
quantum mechanics, molecular simulations, and experimentally measured surface charge 
data to quantitatively study the effects of electric field on the number of printed MoS2 
monolayers. 
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2.5 Field Effect Transistors (FET) Based on Printed MoS2 Pixels  
In order to characterize the electronic properties of printed MoS2 flakes, we 
fabricated field-effect transistors (FETs) based on MoS2 pixels printed on plasma-charged 
SiO2/p+ Si substrates then  performed device characterizations of such FETs. 
 
2.5.1 Fabrication of FET Using Printed MoS2 Flakes 
To fabricate back-gated MoS2 FETs, the metallic drain/source contact pads (5 nm 
Ti/55 nm Au) are fabricated by photolithography or electron-beam lithography followed 
by metal deposition then lift-off. In particular, photolithography is used for fabricating 
FETs based on the inner flakes of MoS2 pixels, and EBL is specifically used for 
fabricating FETs based on the outer edge ribbons of MoS2 pixels. Finally, another indium 
metallic contact is fabricated onto the p+-Si substrate, which serves as a back gate contact. 
The device characteristic curves of FETs are measured by using an Agilent-4145B 
semiconductor parameter analyzer. 
 
2.5.2 Transport Characteristics of FET Based on Inner Flakes of MoS2 Pixels 
Figure 2.11 (a) presents a BSE image of an inner flake of a MoS2 pixel that was 
used to fabricate a back-gated FET with flake thickness of ~5 nm, channel length of 
L=5.4 μm, average channel width of W~3.7 μm, and gate dielectric thickness of d=330 
nm. Figure 2.11 (b) demonstrates drain-source current (IDS) – drain-source voltage (VDS) 
characteristics of this exemplary FET under different gate voltages (VG) in the range from  
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Figure 2.11 (a) BSE image of an exemplary back-gated FET made from the inner 
flake of a printed MoS2 pixel with flake. (b) IDS-VDS characteristics under different 
gate voltages (VG) ranging from -75 to 100 V. (c) Semi-logarithmic plot of an IDS-
VG characteristic curve under a fixed drain-source voltage VDS = 10 V. The inset 
graph shows the linear plot of the same IDS-VG curve, and the transconductance 
(dIDS/dVG) is obtained by fitting the linear region of the IDS-VG curve, as indicated 
by the red line.  
 
-75 to 100 V. Figure 2.11 (c) plots the IDS – VG characteristics under a fixed drain-source 
voltage (VDS = 10 V). As shown in Figure 2.11 (b) and (c), this FET shows N-type 
conduction with an ON/OFF current ratio (ION/IOFF) of ~107. The transconductance at the 
linear region of the IDS – VG characteristic curve was evaluated to be ∆IDS/∆VG = 1.60 µS 
by the linear fitting (denoted with the red solid line in the inset of Figure 2.11 (c)). The 
field-effect mobility was estimated to be µ = 22 cm2/Vs based on below equation (1), 
where Cox is the gate capacitance; ε0 is the vacuum permittivity; εr ~ 3.9 is the dielectric 
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constant of SiO2; W/L is the width/length ratio of the MoS2 flake channel. The mobility 
values evaluated from the inner flakes of printed MoS2 pixels range from 6 - 44 cm2/Vs, 
which are comparable to previously studied values for MoS2 FETs using SiO2 as the gate 
dielectric [79, 109]. This confirms that our plasma-assisted transfer-printing approaches 
can produce high-quality MoS2 features and are capable of practical electronic 
applications.  
 
 
2.5.3 Transport Characteristics of FET Based on Edge Ribbons of MoS2 Pixels 
We also made FETs using the ring-shaped edge ribbons of MoS2 pixels as the 
semiconducting channels. The fabrication process is described in chapter 2.5.1. In the 
Electron Beam Lithography (EBL), the overlay alignment was carefully performed to 
prevent incorporating any inner pixel flakes into the FET channel. Figure 2.12 (a) 
displays an SEM image of an exemplary edge ribbon-based FET with a channel width of 
W ≈ 300 nm, channel length of L ≈ 500 nm, and average MoS2 thickness of ∼10 nm. 
Figure 2.12 (b, c) exhibits IDS – VDS and IDS – VG characteristics, respectively, which 
indicate that this edge ribbon-based FET shows p-type conduction for VG = -100 to 100 
V. The transconductance at the linear region of the IDS-VG characteristic curve was 
evaluated as dIDS/dVG = -1.74 nS by the linear fitting (denoted with the red solid line in 
the inset of Figure 2.12 (c)). The field-effect mobility was estimated to be μ = 0.27  
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Figure 2.12 (a) SEM image of an exemplary back-gated FET made from the outer 
edge ribbon of a printed MoS2 pixel. IDS-VDS (b) and IDS-VG (c) characteristics of 
this edge ribbon-based FET. (d) IDS-VG characteristics of a p-type FET made from 
a MoS2 flake blank-treated by SF6 plasma. 
 
cm2/Vs according to equation 2, where Cg is the average gate capacitance associated with 
a single MoS2 edge ribbon per unit channel length [unit: F/m]. Here, Cg is calculated by 
using a simulation model based on finite element analysis that takes into account the 
fringe effect at the MoS2 nanoribbon edges, as described in appendix A. This fringe effect 
can significantly affect the values of Cg for MoS2 FETs with nanoscale channel widths. 
The field effect mobility measured from other edge ribbon-based FETs range from 0.1 to 
1.0 cm2/Vs. 
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The p-type conduction is generally observed in other FETs based on edge ribbon. 
The chemical doping to the edge portions of MoS2 pixels induces such p-type conduction 
and it might be introduced during the SF6 RIE process for patterning pillars in bulk MoS2 
stamps. To further study such a plasma-induced doping mechanism, a pristine 10 μm size 
MoS2 flake with initial thickness of ∼20 nm was blank-etched by SF6 plasma. After 
etching, the thickness of MoS2 flake was reduced to ∼10 nm. The FET fabricated from 
this flake also shows p-type conduction, as shown in Figure 2.11(d). The field effect 
mobility is evaluated to be ∼0.1 cm2/(Vs), which is consistent with the mobility values 
observed from edge ribbon-based FETs. This test identified that the p-type conduction is 
indeed created by the plasma induced doping. In addition, this provides a simple method 
for fabricating p-type MoS2 FETs and rectifying diodes. For example, an n-type FET 
fabricated from a 40 nm thick MoS2 pixel was partially etched by SF6 plasma in selected 
areas to form a p-doped region (i.e., the etched region with the final MoS2 thickness of 
∼20 nm) adjacent to the n-doped region (i.e., the pristine region protected by a patterned 
photoresist layer), as shown in Figure 2.12 (a). Figure 2.12 (b,c) plots the IDS – VDS curves 
of this FET characterized before and after the plasma etching, respectively. Before 
etching, the FET shows linear and symmetric IDS – VDS characteristics independent of the 
polarity of VDS, however it shows a strong rectification of the drain-source current after 
etching. This indicates that a p-n junction is formed in the MoS2 pixel. Further research to 
precisely control the doping profile in MoS2 features is described in chapter 3. 
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2.5.3 Dependence of FET Characteristics on the Variation of MoS2 Thickness 
In order to evaluate the potential scalability of our transfer printing method, 
especially for future scale-up transistor based applications, we studied the uniformity of 
the transport characteristics of MoS2 FETs made by plasma-assisted printing as well as 
the dependence of FET characteristics on the variation of the MoS2 thickness. We 
fabricated and performed the transport characteristics of 14 FETs produced in a single 
printing cycle (Figure 2.13). Figure 2.14 exhibits (a) ON/OFF current ratio and (b) field-
effect mobility data measured from these FETs, which are plotted as a function of the 
MoS2 thickness. These FETs have flake thicknesses in the range from 3 to 20 nm. It 
should be noted that although the thickness values of most as-printed MoS2 flakes can be 
controlled to be less than 10 nm (Figures 2.3 (b) and 2.8 (c)), we intentionally picked 
relatively thicker flakes (i.e., thickness ∼10 - 20 nm) for making FETs in order to extend 
the investigation range of the flake thickness values and study the degree of redundancy 
in the control of the MoS2 thickness. In spite of the variation of the MoS2 flake thickness 
in the range 3-20 nm, Figure 14 exhibits all the FETs exhibit high ON/OFF ratios in the 
range 105 - 107, reasonably good field-effect mobility values on SiO2 gate dielectrics 
ranging from 15 to 24 cm2/Vs, and uniform threshold gate voltages around Vth ≈ -50 V. 
Such results preliminarily explain that the MoS2 FETs produced by plasma-assisted 
printing do not show a sensitive dependence of FET characteristics on the variation of the 
MoS2 thickness in the range 3-20 nm. This also suggests that our printing method can 
produce a high yield of electronicgrade MoS2 flakes with an acceptable degree of 
uniformity in FET characteristics and is promising to be further developed into a 
manufacturing process for making arrays of working FETs. In addition, using HfO2- 
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Figure 2.13 Semi-logarithmic IDS–VG characteristic curves of 14 back-gated FETs 
made from the inner flakes of MoS2 pixels printed on a single substrate. The inset 
graphs display the linear plots of the IDS–VG curves for the field-effect mobility 
(µ). 
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Figure 2.14  (a) ON/OFF current ratio and (b) field-effect mobility data extracted 
from the FET characteristics listed in Figure 2.13, which are plotted as a function 
of the MoS2 flake thickness. 
 
based high-k gate dielectrics, the mobility values of our FETs are expected to be further 
enhanced by at least 1 order of magnitude due to the dielectric screening effect [110]. The 
large arrays of such high-performance FETs produced by printing processes can be used 
for the future scale-up electronic applications of few-layer MoS2. There are device 
applications requiring a more demanding control of the MoS2 thickness. For example, 
photovoltaic applications usually need multilayer MoS2 to obtain enough light absorption. 
For such applications, our printing approaches can serve as a useful method for 
transforming initial raw materials of MoS2 into arrays of active device sites. These 
orderly formed MoS2 flakes can be subsequently tailored through a series of post-printing 
processes to achieve a higher degree of uniformity in thickness and feature profile. For 
example, the laser-thinning technology with a self-termination mechanism recently 
reported by Castellanos-Gomez et al. could be used as a post-printing process for 
thinning as-printed MoS2 flakes to increase the percentage yield of MoS2 monolayers. 
Furthermore, a post-printing lithography step (e.g., photolithography and nanoimprint) 
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followed by plasma etching can be easily implemented to trim as-printed MoS2 flakes 
into functional nanopatterns with specific shapes. 
 
2.6 Summary 
In summary, we demonstrate a novel approach for producing ordered arrays of 
few-layer-MoS2 device features. In this process, the protrusive structures are prepatterned 
onto a bulk MoS2 film, which serves as a stamp for printing out orderly arranged MoS2 
pixel patterns over cm2-scale areas on both pristine and plasma-charged SiO2 substrates. 
MoS2 pixels printed on plasma-charged substrates shows a higher degree of uniformity in 
pattern profiles and a narrower distribution of the MoS2 flake thickness (i.e., 3 ± 1.9 nm) 
in comparison with those printed on pristine substrates. This is attributed to the strong 
fringe field around the feature edges that is produced by plasma-introduced electric 
charges. We present that such printing approaches can be generalized for producing other 
emerging atomically layered nanostructures (e.g., graphene nanoribbons). The printed 
MoS2 flakes can be used to make working n-type FETs with excellent electronic 
properties (i.e., ION/IOFF ~ 105 - 107, mobility μ ~ 6 - 44 cm2/Vs). Using additional plasma 
treatment processes, as-printed MoS2 flakes can be doped to make p-type FETs as well as 
rectifying diodes. Finally, we systematically study the thickness-dependent characteristics 
of MoS2 FETs and demonstrate that our printing processes can produce a high yield of 
electronic-grade MoS2 flakes with an acceptable degree of uniformity in transport 
properties.   
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          Chapter 3  
 
 
MoS2 Rectifying Diode Formed by Plasma-Assisted Doping  
3.1 Introduction 
Recently, molybdenum disulfide (MoS2) and other layered transition metal 
dichalcogenides (TMDCs) attracted a great deal of interest due to their superior electronic, 
optoelectronic, and mechanical properties [9, 40, 71, 72]. As a two-dimensional (2D) 
semiconducting material, MoS2 are promising to produce thin-film transistors (TFTs) that 
are immune to short-channel effects [77], phototransistors [36], highly sensitive chemical 
sensors [75], and emerging valleytronic devices [111] based on the unique optical 
response in MoS2. In order to make MoS2-based complementary electronic circuits and 
novel optoelectronic devices, upscalable techniques for realizing controlled doping and 
creating p-n junctions in MoS2 and other 2D semiconductors are essential. Fang et al. 
recently presented the degenerate n-doping of MoS2 and WSe2 layers by a potassium 
dispenser, which can enhance the contact resistances between these 2D materials and 
metals [63]. Zhang et al. fabricated rectifying p-n junctions in liquid-gated MoS2 field-
effect transistors (FETs), but the direct measurement of rectifying effects needs the 
cooling of the FETs below the glass transition temperature (i.e., ~ 180 K) of the gating 
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liquid in the ambipolar region [112]. In addition, Yuan et al. revealed that the ozone 
treatment can dramatically reduce the sheet resistance of graphene films by p-doping, but 
such p-doping can only remain for few hours [113]. Currently, there is a strong demand 
for exploration of new methods for forming stable p-n junctions and rectifying diode 
structures in MoS2 and other 2D nanoelectronic materials, which can be used for long-
term applications at ambient conditions. 
In this chapter, we demonstrate that the selected-area treatment of MoS2 films 
with fluorine (F)- and oxygen (O)-contained plasma treatment can create a stable 
rectifying diode working at ambient conditions. To understand the underlying physical 
mechanism responsible for such plasma-induced rectifying characterisitics, we 
systematically studied the transport and surface-compositional properties of FETs blank-
treated with plasmas. These works unambiguously confirm that the rectifying property of 
our MoS2 diodes is due to the plasma-induced p-doping in pristine MoS2 flakes with 
intrinsic n-doping, which forms stable p-n junctions. 
 
3.2 Experimental Setup of MoS2 Rectifying Diode by Plasma-Assisted Doping 
To make MoS2 diodes, multilayer MoS2 flakes were firstly exfoliated onto p+-
Si/SiO2 substrates (oxide thickness, tox=300 nm) by using previously reported printing 
techniques [114-116]. The flake thickness was measured by a color coding method and 
subsequently confirmed by an atomic force microscope (AFM). Figure 3.1 (a) presented 
an optical microscope (OM) image of printed MoS2 flakes (size ~ 10 μm) that show 
different colors corresponding to different flake thicknesses. MoS2 flakes with average 
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thickness within a range of t = 20 to 25 nm were chosen for this process, because of 
relatively high yield of such flakes. To perform selected-area plasma treatment of MoS2 
flakes, photolithography was employed to form patterned resist layers that cover half the 
 
 
Figure 3.1  OM images of (a) exfoliated pristine MoS2 flakes and (b) a fabricated 
MoS2 rectifying diode with selected area treated with CF4 plasma. (c) Illustration 
of the electrical measurement setup of a back-gated MoS2 diode. 
 
 area of each of chosen flakes. The uncovered area of these flakes were partially treated 
with one of widely used plasmas (e.g., SF6, CF4, CHF3, O2, CH4, H2, and Ar) using a 
reactive ion etching (RIE) tool (Plasma-Therm 790 Etcher). For all plasma recipes, the 
pressure was 10 mTorr and the RF power was 100 W. All recipes can induce the physical 
or/and chemical etching of MoS2 flakes. The final thickness of selected areas treated by 
such plasmas is always controlled to be ~67% of the initial flake thickness (i.e., the final 
thickness of plasma-treated areas, tF = 13 – 16 nm). For example, Figure 3.1 (b) exhibits 
the optical microscope image of a MoS2 flake treated by CF4 plasma. The untreated 
region shows light blue color (thickness, t ~ 20 nm), while the plasma-treated region 
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exhibits dark blue color (thickness, t ~ 13 nm). After the plasma treatment, photoresist 
was removed, and Ti/Au (5 nm/50 nm) electrodes were made by photolithography, metal 
deposition, and lift-off process. As shown in Figure 3.1 (b), drain (D) and source (S) 
contact pads are referred to the electrodes in contact with plasma-treated and untreated 
MoS2 area, respectively. The distance between D/S contacts is about 5 μm. In 
characterization, D/S/Si substrate contacts were biased to ground, D/S voltage (VDS), and 
back gate voltage (VG), respectively, as illustrated by Figure 3.1 (c). 
 
3.3 Experimental Results  
3.3.1 Transport Characteristics of MoS2 Diodes Formed by Plasma-Assisted Doping 
We found that only MoS2 diodes treated with F- or O-contained plasmas (e.g., SF6, 
CHF3, O2, and CF4) present significantly increased degrees of current rectification. 
Therefore, the following anlaysis and discussion only focus on the devices processed 
with such plasmas.  Figure 3.2 (a)-(d) shows IDS – VDS characteristics of MoS2 diodes 
treated with SF6, CHF3, CF4 and O2 plasmas, respectively. All diodes shows a strong 
current rectification within a range of VDS= ±4 V (VG= 0 V). We use forward/reverse 
current ratios (IF/IR) characterized at |VDS|= 1 V (i.e., IF(VDS=1 V)/IR(VDS= -1V)) to 
evaluate the rectification degrees of all MoS2 diodes (note that the IF/IR value for each of 
diodes is annotated in Figure 3.2). Based on this evaluation, the ranking order of plasma 
recipes in terms of their resulted rectification degrees (or IF/IR values) of diodes is SF6> 
CHF3> CF4>O2 (this order has been verified by testing several set of diodes). Especially, 
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Figure 3.2 IDS-VDS characteristics of MoS2 diodes treated by (a) SF6, (b) CHF3, 
(c) CF4, (d) O2– based plasmas (for all curves, VG = 0 V). (e) Semi-logarithmic 
plots of IDS-VDS characteristic curves (VG = 0 V) of a SF6-treated diode, which 
were measured 0 (dashed line) and 30 (solid line) days after the device 
fabrication. 
 
SF6-treated diodes shows the highest rectification degree (IF/IR > 104), which is also 
among the highest IF/IR values ever reported for rectifying diodes fabricated based on 2D 
materials [112, 117]. In addition, our MoS2 diodes present a superior long-term stability 
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of transport characteristics. For example, Figure 3.2 (e) exhibits IDS – VDS measurement 
of a SF6-treated diode, which were measured 0 (dashed line) and 30 (solid line) days after 
the device fabrication (the device was stored at ambient conditions). After such a long-
time storage, the device shows no significant degradation of the rectifying property. This 
exhibits that such plasma-treated MoS2 diodes are suitable for long-term device 
applications at ambient conditions. 
 
3.3.2 Transport Characteristics of MoS2 FETs Blank-Treated with Different 
Plasmas 
To study the physical mechanism responsible for the rectifying characteristics of 
our MoS2 diodes, we made several back-gated FETs, in which the channels are fabricated 
from 20-25 nm thick MoS2 flakes blank-treated with the same plasma recipes (other 
fabrication details are the same as those for making diodes). Figure 3.3 exhibits IDS – VG 
characteristics of these FETs as well as a control FET based on an untreated MoS2 flake. 
The untreated FET shows n-type conduction within a range of VG= ±100 V due to the 
intrinsic n-doping associated with naturally formed S-vacancies in pristine MoS2 [118], 
and the threshold gate voltage (Vth (e)) of the n-type conduction is about -50 V. In 
comparison with the Vth (e) of this untreated FET, Vth (e) values of FETs treated with O2, 
CF4, CHF3, and SF6 shift to more positive gate voltages and are measured to be +15, +44, 
+45, and a value > +100 V (i.e., out of the range of VG), respectively. Moreover, within 
the range of VG= ±100 V, CF4-, CHF3-, and O2-treated FETs show an ambipolar transport 
property with both n-type and p-type characteristics, and the SF6-treated FET 
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Figure 3.3  IDS-VG characteristics of back-gated MoS2 FETs blank-treated with 
the same set of plasma recipes as the ones that were used for making diodes, as 
well as an untreated pristine FET (for all curves, VDS = 5 V). 
 
even exhibits a hole-dominated p-type transport property. These results demonstrate that 
the plasma treatment can induce p-doping in MoS2 flakes. The p-doping strength in a 
FET can be qualitively measured by the positive shift of the Vth (e) of this plasma-treated 
FET relative to that of the untreated FET. The more positive shift of the Vth (e) indicate the 
stronger p-doping strength. The ranking order of plasma recipes in terms of their resulted 
p-doping strengths is SF6> CHF3~ CF4> O2, which is compatible to their ranking order in 
terms of their resulted rectification degrees of diodes. Therefore, it is clearly suggested 
that the rectifying property shown in our diodes can be attributed to the plasma-induced 
p-doping in originally n-type MoS2 flakes, which forms p-n junctions in MoS2; the 
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stronger p-doping is expected to result in the larger built-in potential barrier in a p-n 
junction and therefore the higher rectification degree of the diode. 
Another possible reason of the rectifying property observed in a MoS2 diode is the 
Schottky barrier potentially formed between the Ti-based drain (D) electrode and the p-
doped MoS2 region [58, 119]. To identify this possibility, IDS – VDS characteristic curves 
(at VG = 0 V) of FETs blank-treated with different plasmas were measured and plotted 
(Figure 3.4). In spite of plasma-induced p-doping in MoS2, Figure 3.4 shows that SF6,  
 
 
Figure 3.4 IDS-VDS characteristic curves of MoS2 FETs blank-treated with (a) SF6, 
(b) CHF3, (c) O2, and (d) CF4 plasmas. Here, VG is fixed to 0 V. SF6, CHF3, O2– 
treated FETs exhibit quasi-Ohmic contacts between Ti electrodes and p-doped 
MoS2 channels, whereas the CF4–treated FET shows a slight Schottky-like 
contact property. 
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CHF3, and O2-treated FETs exhibit a quasi-Ohmic contact property. Such quasi-Ohmic 
contact property is probably attributed to the diffusion of metal atoms from electrodes 
into 2D layers [120, 121]. Therefore, it is varified that the rectifying property of MoS2 
diodes made by using SF6, CHF3, and O2 plasma recipes is indeed mainly due to the p-n 
junctions formed by the selected-area plasma treatment. However, a slight Schottky-like 
contact property is observed in the CF4-treated FET. Although such a weak Schottky-like 
contact is not anticipated to result in a strong current rectification effect [122], we 
temporarily attribute that the rectifying property in CF4-treated diodes is induced the net 
effect of a p-n junction connected in series with a Schottky-like junction. 
 
3.3.3 X-ray Photoelectron Spectroscopy (XPS) Results of Plasma Doped MoS2 
Samples 
The additional evidence of plasma-induced p-doping in MoS2 is indicated by the 
surface analysis using X-ray photoelectron spectroscopy (XPS). Figure 3.5 (a) exhibits 
the binding energy peaks of Mo 3d5/2 and Mo 3d3/2 electrons in plasma-treated and 
untreated (pristine) MoS2 films. In comparison with the Mo 3d5/2 and Mo 3d3/2 peaks of 
the untreated film, the peaks of all plasma-treated films are wider, and their maxima shift 
to the lower binding energy values (the relative shift values are labeled in Figure 3.5 (a)). 
Such a downshift of the peaks is due to the p-doping process, since it suggests a relative 
shift of the Fermi level toward the valence band edge [123, 124].  The more negative shift 
of the elemental electron binding energy indicates the smaller energy difference between 
the Fermi level and the valence band edge, and therefore the stronger p-doping 
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characteristics. Based on the negative shifts of Mo 3d5/2 and Mo 3d3/2 peaks labeled in  
Figure 3.5 (a), the ranking order of our plasma recipes in terms of their resulted p-doping 
levels is SF6> CHF3> CF4> O2 that is compatible to the ranking obtained from the FET 
characterization. Therefore, the XPS surface analysis in combination with diode and FET 
characterizations provides a solid proof of the reality of the plasma-induced p-doping as 
well as the formation of rectifying p-n junctions in MoS2 films. 
 
 
Figure 3.5 XPS surface analysis of plasma-treated and untreated (pristine) MoS2 
flakes with binding energy peaks of (a) Mo 3d5/2 and Mo 3d3/2, (b) F 1s and F 
KLL, (c) O 1s electrons. 
 
The XPS surface analysis also suggests clues about the specific types of p-dopants 
(or acceptors) induced by plasma processes. Figsure 3.5 (b) and (c) exhibit that the XPS 
spectra of MoS2 films treated with F-contained plasmas (i.e., SF6, CHF3, and CF4) and O2 
plasma show prominent binding energy peaks associated with electrons in F (i.e., F 1s 
and F KLL) and O (i.e., O 1s) atoms, respectively, and these F and O-related peaks are 
not measured in the XPS spectra of untreated pristine films. Based on this fact and that 
only F- and O-contained plasmas can create diodes with high rectification degrees and 
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FETs with p-type transport characteristics, it is strongly provided that F and O atoms are 
the critical dopants responsible for the p-doping in MoS2. Yue et al. recently reported a 
first-principle study of the substitutional doping of MoS2 layers, which shows that the 
incorporation of F, O, and other typical dopant atoms into MoS2 layers can generate the 
surface charge transfer processes between incorporated atoms and MoS2 layers. Because 
of the relatively strong electronegativity of F and O atoms, the excess electrons are 
preferentially transferred from MoS2 layers onto F and O atoms, inducing p-doping in 
MoS2 layers. The excess charge amounts transferred onto F and O dopants were 
evaluated by Yue et al. to be 0.675 and 0.903 electron/dopant atom, respectively. This 
theoretical work, consistent with our experimental work, also presents that F and O atoms 
can be used as effective p-type dopants for functionalizing MoS2 devices. In addition, 
such surface charge transfer processes induced by the dopant atoms can only affect (or 
electrostatically dope) the top few layers in MoS2 diodes due to the screening of electric 
field in MoS2. Therefore, the reduction of MoS2 thickness can suppress the conduction 
contribution from undoped bottom layers and consequesntly effectively decrease the dark 
current flowing through such n-type leaking channels. For FET applications, a thinner 
MoS2 channel can show a more effective gate modulation and therefore a higher ON/OFF 
ratio. 
 
3.3.4 In-Depth Discussion of Plasma-Assisted Doping Processes 
In previously chapter 3.3.3, we studied that F- and O-contained plasmas (e.g., O2, 
SF6, CF4, and CHF3) can result in prominent p-type transport characteristics in few-layer 
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MoS2 transistors. This result strongly implies that F and O atoms can serve as critical 
dopants (or acceptors) responsible for the p-doping in MoS2. Moreover, F and O atoms, 
when doped into 2D layers, have a strong electronegativity, and thus such atoms can 
preferentially attract excess electrons from host 2D layers, resulting in p-doping in these 
layers [118, 125]. To evaluate the doping depth and the depth profile of doped F atoms in 
CHF3 plasma-doped MoS2 layers, we used angle-resolved X-ray photoelectron 
spectroscopy (ARXPS) This ARXPS was carried out using a Kratos Axis Ultra XPS 
system with a monochromated Al Kα (1486.7 eV) X-ray source. Figure 3.6 (a) exhibits 
the ARXPS spectra of F 1s and Mo 3d electrons captured at different detection angles 
(i.e., θ = 0o, 15 o, 30 o, 45 o, 60 o, 75 o that are relative to the surface normal, as diplayed by 
the inset in Figure 3.6 (b)). Figure 3.6 (b) shows the intensity ratios of F 1s and Mo 3d3/2 
peaks (IF 1s/IMo 3d 3/2) as a function of θ. For θ < 30o , IF 1s/IMo 3d 3/2 tends to be a constant, 
whereas for θ > 30o , IF 1s/IMo 3d 3/2 prominently increases as θ increases (here, a more 
oblique detection angle means a shallower effective information depth). This result 
indicates that the doped F atoms are accumulated in top MoS2 layers [126]. In addition, 
the effective attenuation length λ for an electron traveling through MoS2 has been 
recently estimated by Azcatl et al. to be ~2.5 nm at electron energy of 100-1000 eV [127]. 
Therefore, the effective information depth d can be obtained using d=3λcosθ [128]. 7 
Figure 3.6 (c) exhibits IF 1s/IMo 3d 3/2 values as a function of the calculated information 
depth d. When d is less than ~6.5 nm, IF 1s/IMo 3d 3/2 prominently increases as d decrease. 
This result indicates that most F 1s electrons are accumulated from the top MoS2 layers 
with depths less than 6.5 nm. Therefore, the effective doping depth induced by our CHF3 
plasma recipe is estimated to be ~6.5 nm (i.e., ~10 quintuple layers). Figure 3.7 (a) 
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Figure 3.6  Angle-resolved XPS characterization of a CHF3 plasma-doped MoS2 
flake: (a) ARXPS spectra of F 1s and Mo 3d electrons taken at different detection 
angles (i.e., θ = 0o , 15o , 30o , 45o , 60o , 75o that are relative to the surface 
normal, as illustrated by the inset in (b)); (b) and (c) show the intensity ratios of F 
1s and Mo 3d 3/2 peaks (IF 1s/IMo 3d 3/2) as a function of θ and the corresponding 
information depth d (here, d=3λcosθ, where λ is the effective attenuation length 
for electrons travelling through MoS2). 
 
demonstrates the XPS spectra associated with F 1s electrons, which were measured at 
different locations over a 1 mm2 area on a CHF3 plasma-doped MoS2 surface. These XPS 
peaks show a good uniformity in intensities (unit: counts per second (CPS)) and peak  
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Figure 3.7  XPS surface analysis of CHF3 plasma-doped and undoped (pristine) 
MoS2 flakes with binding energy peaks of (a) F 1s and F KLL, (b) Mo 3d3/2 and 
Mo 3d5/2. In (a) and (b), multiple XPS spectra were acquired from different 
locations over a 1 mm2 MoS2 sample area. 
 
positions. These results indicate a superb spatial uniformity of F concentrations as well as 
dopant configurations over large areas. To quantitatively evaluate the uniformity of CHF3 
plasma-formed p-n diode built-in potentials (∆Φin), we also obtained XPS peaks of Mo 
3d electrons at different locations over the same 1 mm2 size area. Then we evaluated the 
redshifts (∆ΦMoS2) of these XPS peaks relative to those of undoped MoS2 samples (Figure 
3.7 (b)). Here, ∆Φin ~ ∆ΦMoS2, and the uniformity of ∆ΦMoS2 values reflects the 
uniformity of ∆Φin values [63]. Over this 1 mm2 sample area, ∆ΦMoS2 is estimated to be 
0.70±0.05 eV, and the relative variation of ∆Φin values is obtained to be ~7%. This result 
indicates a reasonable good uniformity of plasma-formed p-n junctions. Such a variation 
in ∆Φin would be likely due to the nonuniformity of unexpected impurities and S-
vacancies (i.e., a kind of n-type dopant or electron donor) intruded during the fabrication 
processes. Such impurities and S-vacancies could induce different degrees of the counter-
doping effect at different locations and hence a spatial variation in ∆Φin. This 
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nonuniformity could be minimized in the future with well-managed contamination 
control strategies in our device fabrication processes. 
 
3.4 Analysis and Discussion 
To further justify our plasma treatment process as a useful doping method for 
creating MoS2-based diodes, ambipolar or p-type FETs, we preliminarily study the effect 
of plasma doping processes on the transport properties of MoS2 flakes. Based on the 
transport characteristics displayed in Figure 3.3, the field-effect electron mobility values 
of untreated, O2, CF4, and CHF3-treated FETs are calculated to be 68, 15, 37, and 20 
cm2/Vs, respectively. Although the plasma treatment processes can noticeably degrade 
the electron mobility of few-layer MoS2 flakes, the resulted mobility values are still high 
enough for practical electronic applications. Especially, using high-k gate dielectrics, the 
mobility values of these plasma-treated FETs are expected to be enhanced by at least one 
order of magnitude (i.e., comparable to those of doped Si), due to the dielectric screening 
effect [110]. Here, both ionized impurity scattering and crystal degradation mechanisms 
are expected to be responsible for the reduction of the FET mobility induced by plasma 
treatment, because plasma-induced shift and broadening of Mo 3d peaks shown in Figure 
3.5 (a) show the presence of both ionized impurities and crystal defects in doped MoS2 
layers. The specific physical reason responsible for the discrepancy in mobility values 
resulted by different plasma recipes is still not clear. It might be attributed to the different 
penetration depths of various dopant atoms into MoS2 channels, which could result in 
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different concentrations of ionized impurities (or crystal defects) inside the MoS2 
channels and therefore different mobility values for doped FETs.  
Finally, it should be pointed that our plasma doping methods are not suitable for 
functionalizing MoS2 monolayers, since plasma always etch the MoS2 layers. However, 
this plasma doping technique in combination with the precise control of the final film 
thickness is very beneficial to electronic and optoelectronic applications based on few-
layer or multilayer MoS2 films, such as complementary electronic circuits, photovoltaic 
cells, flexible TFTs, and photodetectors, etc.   
  
3.5 Summary 
In summary, the selected-area plasma treatment of MoS2 flakes with F or O-
contained plasmas can form highly rectifying diodes. The FET transport characterization 
in combination with the XPS surface analysis of MoS2 films blank-treated with plasmas 
shows that the rectifying behavior of our MoS2 diodes is attributed to the plasma-induced 
p-doping into initially n-type MoS2 flakes, which forms stable p-n junctions. Such 
plasma-doped diodes present high forward/reverse current ratios (e.g., ~ 104 for SF6-
treated diodes) and a superior long-term stability at ambient conditions. They are useful 
for optoelectronic and nanoelectronic applications based on emerging 2D materials. In 
addition, the presented plasma-assisted doping method could be generally applied to creat 
MoS2 FETs with ambipolar or hole-dominated p-type characteristics as well as 
functionalizing other emerging 2D materials. 
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          Chapter 4  
 
 
Enhancement of Photovoltaic Response in Multilayer MoS2 
Induced by Plasma Doping  
 
4.1 Introduction 
Layered transition metal dichalcogenides (TMDCs) have attracted significant 
interest because of their desirable electronic, photonic, and mechanical properties, 
versatile chemistry, and large natural abundance [9, 40, 71, 72, 129]. Especially, the 
semiconducting TMDCs (e.g., WSe2, WS2, and MoS2) show attractive optoelectronic 
properties, e.g., the unique valley-polarized optical response observed in MoS2, fast 
photo-response speed, and very high light absorption over a broad range of wavelengths 
[111, 130]. In particular, a single semiconducting TMDCs layer (~0.5 nm thick) can 
absorb as much sunlight as 50 nm of Si (or 12 nm of GaAs) and generate photocurrents 
as high as 4.5 mA/cm2 [37]. Therefore, semiconducting TMDCs is promising for 
fabricating flexible ultrathin photovoltaic cells with 1-3 orders of magnitude higher 
power densities (i.e., solar power converted per unit volume of photoactive materials) 
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than the best existing thin-film photovoltaic cells [37, 38, 131]. Although power density 
is not a standard figure of merit for photovoltaic performance, the higher power density 
could reduce the required photoactive layer thickness for providing a given amount of 
light absorption, and therefore enable highly flexible photovoltaic cells with substantial 
power-conversion efficiency (PCE) and external quantum efficiency (EQE) as well as 
thin-film photodetectors with sizable responsivity. 
Semiconducting TMDCs are anticipated to provide with additional advantages in 
serving as PV active materials, including (i) excellent chemical stability (i.e., TMDCs are 
chemically stable 2D crystals) [129]; (ii) good mechanical flexibility and reliability 
comparable to graphene [49]; (iii) superior electronic and electrical properties for 
fabricating functional interfaces with other 2D materials (e.g., graphene-based conductors 
and boron nitride (BN)-based dielectrics), because they are expected to form high-quality 
heterojunction and interfaces with an extremely low areal density of dangling bonds and 
charge traps [32, 132]. Such heterojunctions could solve the challenges associated with 
interfacial recombination centers that impact the photovoltaic efficiencies. It should be 
noted that such stacked 2D heterostructures are more beneficial than the stacked thin 
films of 3D materials that usually have a high density of interfacial traps. Lastly (iv) low 
production cost, i.e., TMDC-based ultrathin PV cells, similar to graphene-based devices, 
are expected to be manufactured on low-cost flexible substrates by using roll-to-roll 
deposition and printing processes [115, 133, 134].  
Although semiconducting TMDCs exhibit very strong light-matter interactions 
and very high light absorption coefficients [25, 37, 38, 72], TMDC-based PV cells with 
superior PV performance have yet to been reported. In particular, the current single and 
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few-layer TMDC PV and photodetector devices only exhibit a high photocurrent density 
per unit photoactive layer thickness (e.g., 4.5mA/cm2 per TMDC monolayer) [25, 37, 38, 
72]. To obtain sizable photocurrents and photovoltage outputs for practical PV 
applications, multilayer TMDC PV devices are required. However, the current multilayer 
TMDC PVs present relatively poor values of critical figures of merit, including low 
short-circuit photocurrent density (Jsc < 6 mA/cm2), external quantum efficiency (EQE < 
40% over the visible light range), open-circuit voltage (Voc < 0.6 V), fill factor (FF < 
0.55), and photo-conversion efficiency (PCE < 2%) [33, 37, 38, 65]. To enhance these 
performance parameters, we (or the researchers in this field) need to develop the 
knowledge and technology for tailoring the band structures of TMDC PV devices. 
Especially, new approaches are demanded for creating built-in potentials (or electric 
fields) inside TMDC photoactive layers that can facilitate the collection of photo-
generated electron-hole pairs, improve the output photovoltages, and effectively suppress 
the reverse dark saturation currents. Towards this goal, several research groups have 
provided important insights [32, 33, 37, 65]. For example, Britnell et al. demonstrated the 
photocurrent generated in TMDC/graphene stacks and reported that the doping at 
graphene contacts induced by gating or moisture can induce a built-in potential inside 
TMDC photoactive layers that can separate photo-generated carriers and generate 
photocurrents at zero bias [37]. Shanmugam et al. made Schottky-barrier solar cells based 
on multilayer MoS2, in which the built-in potential at the Schottky junction separates e-h 
pairs [33]. Fontana et al. presented gated MoS2 Schottky junction devices with Pd/Au 
electrode pairs that show an asymmetric, diode-like photo-response behavior [65]. Yu et 
al. exhibit the modulation of photocurrents and EQEs in vertically stacked graphene-
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MoS2 heterostructures by using the gating electric field penetrating through the graphene 
electrodes with a weak screening effect [32]. 
In this chapter, we demonstrate that plasma-assisted doping can serve as a new 
and very effective method to generate p-n junction type MoS2 PV devices with the 
sizable built-in potentials to separate the photo-generated carriers, resulting in 
significantly enhanced PV response performance. We have fabricated PV devices 
consisting of a vertically stacked indium tin oxide (ITO)/pristine MoS2/plasma-doped 
MoS2/Au structure, which show reasonably good PCE values up to 2.8 % and superb Jsc 
values up to 20.9 mA/cm2 under AM1.5G illumination, as well as high EQE values in the 
range of 37% - 78% for wavelengths between 300 to 700 nm. This work introduces 
important scientific insights for leveraging unique optoelectronic properties of TMDCs 
for photovoltaic applications. 
 
4.2 Experimental Setup for MoS2 Photovoltaic Devices 
4.2.1 Fabrication of Vertically Stacked Plasma Treated MoS2 Photovoltaic Devices 
Figure 4.1 schematically illustrates the fabrication steps for PV devices based on 
MoS2 photoactive layers. The bulk MoS2 ingot samples were purchased from SPI, Inc., 
with sample size ~1 cm2. A pristine MoS2 bulk stamp bearing protrusive mesa features is 
made by using a lithography method described in chapter 2. Such mesa features define 
the patterns of to-be-exfoliated multilayer MoS2 flakes that will play as PV photoactive 
layers. Before the exfoliation, the top surface of the MoS2 stamp is treated with a plasma 
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Figure 4.1 Flow chart for fabricating PV devices with plasma-treated MoS2 
photoactive layers: (a) preparation of an untreated (pristine) MoS2 ingot stamp; 
(b) plasma-assisted treatment of the top surface layers of the MoS2 stamp; (c) 
mechanical exfoliation printing of protrusive mesas (i.e., multilayer MoS2 flakes) 
with plasma-treated surfaces in contact with the underlying Au electrodes; (d) 
fabrication of ITO electrodes in contact with the untreated surfaces of the MoS2 
flakes; (e) photovoltaic characterization using a standard AM1.5G solar simulator. 
 
recipe (e.g., O2, SF6, or CHF3) in a standard reactive ion etching (RIE) tool (Plasma-
Therm 790 Etcher) to induce doping in the top surface of MoS2 layers (Figure 4.1 (b)). 
For all plasma recipes, the RF power was fixed to 100 W; the pressure was 10 mTorr; the 
precursor gas flow rate was 10 sccm; and the treatment time was 1 min. Following this 
treatment, the protrusive mesa features are mechanically printed onto 50 nm thick Au 
electrodes that have been pre-fabricated on a substrate by using photolithography 
followed with metallization and lift-off (Figure 4.1 (c)) [134]. A second top electrode of 
indium tin oxide (ITO) is made on the untreated pristine surfaces of MoS2 flake pestals 
(Figure 4.1 (d)). To form ITO top contact, 50 nm of ITO films were deposited by using 
an ion-beam sputter (Kurt J. Lesker Lab 18-1). The deposited ITO films were thermally 
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annealed in a vacuum chamber at 300 ºC for 40 min to enhance their conductivity and 
transparency.  
The printed multilayer MoS2 flakes by using the above mechanical exfoliation 
method are randomly from 10 – 140 nm thick. Therefore, this mechanical exfoliation 
method is not suitable for scale-up PV applications. To improve the controllability and 
uniformity of the thickness of printed MoS2 flakes for scale-up applications, we have 
developed the nanoimprint-assisted shear exfoliation (NASE) process, as shown in 
Appendix B. 
 
4.2.1 Photovoltaic and EQE Characterizations of MoS2 Photovoltaic Devices 
Current density versus voltage (J-V) characteristic curves were measured by using 
a Keithley 2400 system equipped with an Oriel Sol3A solar simulator (AM1.5G, Class 
AAA, Newport). This system was calibrated by using a NREL-certified Si reference cell. 
The EQE data as a function of wavelengths were measured by using a luminescence 
spectrometer (AMINCO-Bowman series 2) with a slit width of 16 nm as the light source. 
The spectral irradiance of this instrument ranges from 25 to 200 μW/mm2 over the 
wavelength range from 300 to 800 nm. This system was calibrated using a Newport 818- 
UV detector. Photocurrents were quantified with a Keithley 6514 electrometer. In 
addition, to enable a preliminary identification of the optimal plasma recipes for doping 
MoS2 PV devices, a 532 nm laser (power density, Plaser = 283 mW/cm2) was also used to 
quickly characterize the PV response performance of the devices doped with various 
plasmas. 
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4.3 Experimental Results 
4.3.1 Optical Micrographs of MoS2 Photovoltaic Devices 
Figure 4.2(a) shows an optical micrograph (OM) of an exemplary MoS2 bulk 
stamp bearing 20 µm size mesa structures that was treated with CHF3 plasma. Figure 4.2 
(b) displays an image of MoS2 flakes mechanically transferred onto a SiO2/Si substrate 
(oxide thickness, 300 nm) with different thicknesses that are corresponding to different 
flake colors. Most exfoliated flakes are 20 to 150 nm thick, as evaluated by an atomic  
 
Figure 4.2 Optical micrographs of (a) the surface of a MoS2 ingot stamp that has 
been patterned with 20 μm diameter, 200 nm high mesa features and subsequently 
blank-treated by using a CHF3-based plasma protocol; (b) MoS2 flakes that were 
mechanically exfoliated onto a SiO2/Si substrate; (c) a PV device with a vertically 
stacked ITO/pristine MoS2/CHF3 plasma-treated MoS2/Au structure before the 
final SF6 etching (the scale bar is 10 μm); and (d) the final PV device (the scale 
bar is 10 μm). In the final device, the marginal MoS2 area that is not covered by 
ITO has been completely removed by SF6 plasma etching. The dashed box 
denotes the photoactive area (i.e., the final MoS2 flake area) that is used for 
evaluating Jsc and EQE values. 
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force microscope (AFM). Although such exfoliation printing is not ready for immediate 
scale-up PV applications, this method provides useful MoS2 sample arrays for 
systematically studying the effect of MoS2 photoactive layer thicknesses on PV 
performance parameters. Figure 4.2 (c) shows the top-view image of a vertically stacked 
Au/plasma-treated MoS2/untreated MoS2/ITO structure. It should be noted that there is a 
marginal MoS2 region that is not fully sandwiched by ITO and Au electrodes. To 
understand the PV effect associated with carriers moving along the vertical direction, this 
marginal MoS2 region is etched away by using a SF6 plasma recipe. Figure 4.2 (d) 
displays the image of the device structure after the SF6 plasma etching. The final area of 
the MoS2 flake is defined as the photoactive area for evaluating Jsc and EQE values, as 
shown in the dashed box in Figure 4.2 (d). Here, the MoS2 photoactive area sandwiched 
by Au and ITO electrodes shows very dark color under the OM illumination. This 
indicates a high light absorption in MoS2 layers, which is an important basis for 
achieving high Jsc and EQE values in MoS2 PV devices.  
 
4.3.2 Photovoltaic Characteristics of MoS2 Photovoltaic Devices 
For a systematic study, first we fabricated several MoS2 PV devices treated with 
various plasma species (i.e., O2, SF6, CF4, and CHF3) and measured a brief I-V 
characterization under illumination of 532 nm laser light (power density, 283 mW/cm2). 
Figure 4.3 plots the current density-voltage (J-V) characteristic curves of the MoS2 PV 
devices treated with O2, SF6, CF4, and CHF3 plasmas. For all devices, the MoS2 
photoactive layer thickness is around 100 nm. This brief characterization exhibits that 
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Figure 4.3 J-V characteristics of MoS2 PV devices doped with (a) O2, (b) SF6, (c) 
CF4, and (d) CHF3 plasma recipes under illumination of 532 nm laser light (power 
density: 283 mW/cm2). All devices have similar MoS2 thicknesses of ~60 nm.  
 
the CHF3 plasma-doped device shows the highest PV performance in terms of the highest 
values of Voc (0.164 V), Jsc (55 mA/cm2), FF (0.41), and PCE (1.9 %). Therefore, our 
following study and discussion focus on CHF3 plasma-treated MoS2 PV devices. 
Figures 4.4 (a) and (b) plot the J-V characteristics, measured without illumination, 
of a CHF3 plasma-treated PV device and an untreated control device. Both devices have 
the similar MoS2 layer thickness around 120 nm. In comparison with the untreated device, 
the plasma-treated PV device shows a much more prominent diode-like behavior with a 
higher degree of current rectification (forward/reverse current ratio, IF/IR> 104 at |V| = 0.5 
V), very small reverse dark current (on the order of 1 μA/cm2), and relatively high shunt 
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resistance of ~790 Ω cm2. The untreated control device shows a quite weak degree of 
rectification (IF/IR ~ 3 at |V| = 0.5 V), which is attributed to the shallow Schottky barrier 
formed at the interface between pristine MoS2 and Au. Figures 4.4 (c) and (d) exhibit the 
J-V characteristics of these two devices measured under illumination of AM1.5G 
simulated sunlight (power density, Psun = 100 mW/cm2). The untreated PV device shows 
a reasonably high Jsc value of 11.3 mA/cm2 due to the high light absorption coefficient of 
 
 
Figure 4.4 One example of the comparison between plasma-treated and untreated 
MoS2 PV devices: (a) and (b) are current density – voltage (J-V) characteristics of 
a CHF3 plasma-treated PV device and an untreated control device, respectively, 
which were measured with no illumination. Both devices have the same MoS2 
photoactive layer thickness of ~120 nm. (c) and (d) are the J-V characteristics, 
measured under illumination of AM1.5G simulated sunlight (power density, 100 
mW/cm2), of these two PV devices, respectively.  
67 
MoS2, but relatively poor values of Voc (0.13 V), FF (0.23), and PCE (0.34%). Here, PCE 
= JscVscFF/Psun. In contrast, the plasma-treated PV device presents a significantly 
enhanced PV response with (or as evidenced by) Jsc = 20.9 mA/cm2, Voc = 0.28 V, FF = 
0.47, and PCE = 2.8%. Especially, this Jsc value is comparable with the Jsc data of other 
superb thin-film solar cells based on single-crystal semiconductors [135, 136]. For this 
specific example, the CHF3 plasma treatment process achieves approximately 2-fold 
increase in Jsc, 2-fold increase in Voc, 2-fold increase in FF, and about 8-fold increase in 
PCE. 
To test the repeatability for achieving high Jsc values in plasma-treated PV 
devices, four more PV devices with MoS2 photoactive layer thicknesses close to that of 
the device shown in Figure 4.4 (c) were fabricated then characterized. Figure 4.5 (a)-(d)  
 
Figure 4.5 (a)-(d) J-V characteristics of several CHF3 plasma-treated PV devices 
that were fabricated in the same batch under AM1.5G illumination. Their MoS2 
photoactive layer thicknesses range from 81 to 120 nm.  
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shows the J-V characteristics of these another four CHF3 plasma-treated PV devices. The 
MoS2 photoactive layer thicknesses of these devices range from 81 to 120 nm. All of 
them have very high Jsc values (18.0 - 21.7 mA/cm2) and reasonably good PCEs (1.7 - 
2.56%) under AM1.5G illumination, as well as a good consistency between the Jsc values 
measured by the solar simulator.  
 
4.3.3 External Quantum Efficiency (EQE) Characteristics of MoS2 Photovoltaic 
Devices  
To verify the high Jsc values observed in our MoS2 PV devices, we characterized 
the EQE spectra of these two PV devices for wavelengths (λ) ranging from 300 to 800 nm 
using a luminescence spectrometer (Figure 4.6 (a)) (note that the EQE measurements are 
independent from the PV characterizations under AM1.5G illumination to check the 
measurement consistency). The EQE values of the untreated PV device are in the range 
of 34% - 54% for λ = 300 to 700 nm, which are comparable with previously reported 
EQE data of undoped MoS2 photoactive layers [33, 37]. In comparison to the untreated 
device, the CHF3 plasma-treated device shows significantly improved EQE values at all 
wavelengths between 300 and 700 nm, which are in the range of 37% - 78%. Figure 4.6 
(b) present the integral of the overlap between these measured EQE values and the 
standard AM1.5G spectrum over a wavelength range of 300 to 800 nm, which yields 
calculated Jsc values of 18.7 mA/cm2 and 11.2 mA/cm2 for the plasma-treated PV device 
and the untreated control device, respectively. Such Jsc values calculated from EQE data 
are consistent with the Jsc values independently characterized by using the AM1.5G solar 
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Figure 4.6 The EQE measurements for further confirming the high Jsc values 
measured using an AM1.5G solar simulator: (a) The EQE spectra, measured at 
wavelengths λ = 300 to 800 nm, of a CHF3 plasma-treated PV device (red circles) 
and an untreated PV device (blue triangles). Both devices have the same MoS2 
layer thickness of 120 nm. (b) The integral of the overlap between the measured 
EQE data and the standard AM1.5G spectrum over a wavelength range of 300 to 
800 nm. 
 
simulator. The remaining small discrepancy between these two groups of Jsc values is due 
to the uncounted photocurrent density contributions from other wavelengths that are not 
obtained in our EQE measurements and the EQE-based calculation of Jsc values.  
Figures 4.6 (a) shows that the EQE values of both untreated and plasma-treated 
MoS2 PV devices hold relatively high value, even at wavelengths as short as 300 nm (~34% 
for the untreated device; 37-48% for the plasma-treated ones). Most PV devices based on 
conventional semiconductors (e.g., Si and III-V compounds) typically show significantly 
reduced EQE values for λ < 400 nm, which is due to the blue-response-reduction effect 
associated with the front surface recombination of photogenerated e-h pairs [137-140]. 
However our EQE results demonstrate that our MoS2 PV devices exhibit a mitigated 
reduction of the blue response. This could be attributed to the low density of  
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Figure 4.7 (a) The responsivity spectrum of the CHF3 plasma-treated PV device 
with MoS2 thickness of ~120 nm. (b) The I-V characteristic curves of this device 
measured under dark (blue curve) and illumination (532 nm laser light with 
excitation power of 283 mW/cm2) (green curve) conditions.  
 
recombination centers on the front surfaces of 2D MoS2 layers (i.e., the surfaces not 
treated by plasmas). Although such a relatively high blue response is not greatly 
beneficial for the solar cell applications under AM1.5G condition (the AM1.5G spectrum 
is significantly cut off at λ < 280 nm), it is advantage for making new blue and ultraviolet 
(UV) photodetectors. Figure 4.7 (a) plots the responsivity spectrum, obtained under zero 
bias, of a CHF3 plasma-treated PV device (i.e., the one shown in Figure 4.5(c) with MoS2 
thickness of ~120 nm). Even under zero bias, this device still shows a high responsivity > 
90 mA/W for λ = 300 to 700 nm. Figure 4.7 (b) exhibits its I-V characteristic curves 
measured under dark (blue curve) and illumination (532 nm laser light with excitation 
power of 283 mW/cm2) (green curve) conditions. This device show high light to dark 
current ratios (102 to 104) at zero and reverse biases.   
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4.3.4 Effect of MoS2 Thickness on Photovoltaic Performance Parameters 
To understand the role of plasma treatment in the photovoltaic response 
enhancement and also identify the effect of MoS2 thickness on PV performance 
parameters, we fabricated a set of CHF3 plasma-treated and untreated PV devices with a 
broad range of MoS2 layer thickness (10 to 120 nm). Figure 4.8 lists the J-V 
characteristics of all of these devices (measured under AM1.5G illumination).  
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Figure 4.8 J-V characteristics, measured under AM1.5G illumination, of (a) CHF3 
plasma-doped and (b) undoped PV devices with different MoS2 photoactive layer 
thicknesses (t). 
 
Figure 4.9 displays (a) Voc, (b) Jsc, (c) FF, and (d) PCE values of all PV devices 
(red circles are for CHF3 plasma-treated devices; blue triangles are for untreated devices), 
which are plotted as the functions of MoS2 layer thicknesses. Figure 4.9 clearly 
demonstrates that plasma-treated PV devices exhibit higher values of Voc, Jsc, FF, and  
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Figure 4.9 Additional data systematically showing the comparison between 
plasma-treated and untreated MoS2 PV devices in photovoltaic response 
performance: Voc (a), Jsc (b), FF (c), and PCE (d) data of multiple CHF3 plasma-
treated (denoted by red circles) and untreated (denoted by blue triangles) MoS2-
based PV devices, which are plotted as the functions of MoS2 thickness.  
 
PCE as compared to untreated devices with similar MoS2 thickness. For MoS2 
thicknesses thicker than 60 nm, the plasma treatment process induces the more prominent 
photovoltaic response enhancement. Although our current fabrication processes exhibits 
observable device-to-device variation in PV parameters, the statistical properties of the 
PV data shown in Figure 4.9 are highly consistent with our view that the plasma 
treatment significantly enhances the photovoltaic response of MoS2-based PV devices.  
Figure 4.9 also demonstrates that the PV parameters of CHF3 plasma-treated 
devices are improved as the MoS2 layer thickness increases in the range of 10 to 120 nm. 
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Devices with MoS2 thicknesses of 80-120 nm show the highest PV response performance 
(i.e., Voc: 0.2-0.33V, Jsc: 18-21.7 mA/cm2, FF: 0.42-0.58, PCE: 1.7 to 2.8%). Our current 
transfer-printing process is not effective in generating MoS2 flakes thicker than 130 nm 
[134]. However, we fabricated six CHF3 plasma-treated PV devices with MoS2 
thicknesses in the range of 210 to 500 nm by using the mechanical exfoliation method 
previously reported. Figure 4.10 plots the J-V characteristics of these devices under 
AM1.5G illumination. Although these thicker MoS2 PV devices show prominent diode-
like J-V characteristics, they exhibit a very weak PV response (i.e., Voc: 0.1-0.15V, Jsc: 
0.62-4.92 mA/cm2, FF: 0.21-0.33, PCE: 0.018 to 0.25%). These results indicate that the 
performance of plasma-treated MoS2 PV devices highly depends on MoS2 layer thickness. 
In addition, the optimal MoS2 thickness, which could result in the highest PCE, should be 
in the range of 120 to 210 nm.  
 
 
Figure 4.10  J-V characteristics, measured under AM1.5G illumination, of several 
CHF3 plasma doped PV devices with MoS2 photoactive layer thickness > 200 nm. 
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4.4 X-ray Photoelectron Spectra (XPS) Analysis and Band Structure of MoS2 
Photovoltaic Device 
4.4.1 X-ray Photoelectron Spectra of Plasma-Treated MoS2 Surfaces 
To study the physical mechanism responsible for the plasma treatment-induced 
enhancement of current rectification and photovoltaic responses observed in MoS2 PV 
devices, we observed X-ray photoelectron spectra (XPS) of plasma-treated and untreated 
MoS2 surfaces. Figure 4.11 (a) exhibits the Mo 3d5/2 and Mo 3d3/2 XPS peaks of CHF3 
plasma-treated and untreated (pristine) MoS2 surfaces. In comparison with the Mo 3d5/2 
and Mo 3d3/2 peaks of the untreated MoS2 surface, the relevant peaks of the CHF3 
plasma-treated surface are wider, and their maxima shift toward the lower binding energy 
values. The relative shift (ΔΦMoS2) is observed to be about 0.7 eV. Such a downshift of 
XPS peaks can serve as a proof of the p-doping in MoS2, because it is corresponding to a 
 
 
Figure 4.11 XPS surface analysis of plasma-treated MoS2 surfaces for 
understanding the band structure of plasma-doped MoS2 PV devices: (a) Mo 3d5/2 
and Mo 3d3/2 XPS peaks of CHF3 plasma-treated and untreated (pristine) MoS2 
surfaces (b) Schematic band diagram of a CHF3 plasma-treated MoS2 PV device 
with vertically stacked Au/plasma-treated (or p-doped) MoS2/untreated (or n-
type) MoS2/ITO regions, which has a p-n junction with built-in potential ΔΦin = 
Φp-MoS2- Φn-MoS2 ∼ 0.7 eV 
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relative shift of the Fermi level toward the valence band edge [63, 123, 124]. This XPS 
characterization also clearly indicates that a p-n junction (i.e., a built-in potential (ΔΦin)) 
could be formed inside a MoS2 flake with one surface treated with plasma. A built-in 
potential formed in the CHF3 plasma-induced p-n junction is estimated to be ΔΦin ~ 
ΔΦMoS2 ~ 0.7 eV. 
 
4.4.1 Band Diagram Analysis of Device Structure Interfaces 
According to the XPS results, we present the band diagram of our MoS2 PV 
devices with vertically stacked ITO/untreated n-type MoS2/CHF3 plasma-treated p-type 
MoS2/Au regions, as illustrated in Figure 4.11 (b). Here, the interface between ITO (i.e., 
an n+-type semiconductor) and untreated n-type MoS2 regions is an Ohmic contact, where 
no built-in potential is formed. The interface between plasma-doped and undoped MoS2 
regions is expected to be a p-n junction with a built-in potential ΔΦin ~ 0.7 eV, as 
estimated by the XPS result. The electric field associated with this built-in potential 
barrier could effectively promote the separation and collection of photo-generated e-h 
pairs, therefore resulting in the higher Jsc and EQE values for plasma-doped MoS2 PV 
devices as compared to those for undoped devices. This built-in potential barrier also can 
result in the increased open-circuit voltage (Voc). In addition, the plasma doping-induced 
p-n junctions are responsible for a strong diode-like transport characteristic in MoS2 PV 
devices, which present a high degree of current rectification. Such a rectifying diode 
behavior effectively suppresses the reverse dark current and increases the shunt resistance 
of a MoS2 PV diode, resulting in the improved fill factor (FF). 
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Although the plasma-induced enhancement of photovoltaic response in MoS2 PV 
devices could be attributed to the formation of p–n junctions in MoS2 photoactive layers, 
the effect of the Schottky junction barriers potentially formed at ITO/MoS2 and Au/MoS2 
interfaces needs to be further studied and justified. Since the work function of untreated 
MoS2 (Φn-MoS2 ~ 4.6 eV) is very close to that of ITO (ΦITO ~4.4-4.5 eV), the interface 
between ITO and untreated n-type MoS2 is expected to be a quasi-Ohmic contact [141]. 
Therefore, only a negligible Schottky barrier built-in potential would be formed at the 
interfaces between ITO and untreated MoS2. To experimentally identify this band 
alignment analysis, we made lateral ITO/untreated MoS2/ITO structures and measured 
their I–V characteristics. Figure 4.12 (a) and (b) display the OM image and the I–V 
characteristic curve of a representative device, respectively. The highly linear and 
symmetric I–V curve confirms that there is a negligible Schottky junction barrier formed 
at the interface between ITO and untreated MoS2. Figure 4.13 (a) illustrates the ideal 
band diagram of an Au/untreated pristine MoS2 interface. Here the Fermi level pinning 
effect due to the interfacial traps is not considered. The band alignment in Figure 4.13(a) 
is completely determined by the work functions of pristine MoS2 (Φn-MoS2 ~ 4.6 eV) and 
Au (ΦAu ~ 5.1 eV) [33]. The built-in potential (ΔΦin) of the Schottky barrier at such an 
Au/untreated MoS2 interface is ideally expected to be ΔΦin = ΦAu - Φn-MoS2 ~ 0.5 eV. 
Shanmugam et al. reported the photovoltaic response observed in their MoS2 PV devices 
to such a Schottky barrier effect [33]. The photovoltaic response observed in our undoped 
PV devices could also be attributed to it. However, the substantially poorer PV 
performance of our undoped PV devices in comparison with our plasma-doped ones 
indicates that the real Schottky barrier height in our undoped PV devices may be 
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Figure 4.12 Evaluation of ITO/untreated n-type MoS2 interfaces: (a) top-view 
OM image of a lateral ITO/untreated MoS2/ITO structure (MoS2 thickness: ~100 
nm; ITO thickness: 50 nm); (b) I-V characteristic curve of this structure, which is 
highly linear and symmetric. 
 
 
Figure 4.13 Band diagrams of Au/untreated n-type MoS2 interfaces plotted (a) 
without and (b) with taking into account the Fermi level pinning effect due to the 
interfacial traps. 
 
significantly smaller than 0.5 eV (i.e., ΦAu – Φn-MoS2), which could be due to the Fermi 
level pinning effect caused by the interfacial traps at Au/pristine MoS2 interfaces. Figure 
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4.13 (b) qualitatively illustrates the band diagram of an Au/untreated MoS2 interface that 
is plotted with considering of the Fermi level pinning effect that could induce ΔΦin < ΦAu 
– Φn-MoS2. We also postulate that the real Au/MoS2 Schottky barrier heights may highly 
depend on the specific conditions during producing and processing MoS2 flakes. 
 Based on the XPS result, the work function of CHF3 plasma-treated (or p-doped) 
MoS2 layers is estimated to be Φp-MoS2 ~ 5.3 eV that is similar to the work function of Au 
(i.e., ΦAu ~ 5.1 eV). Therefore, an Au/p-doped MoS2 interface would form a quasi-Ohmic 
contact with a very shallow Schottky barrier, as shown in the band diagram in Figure 
4.14 (a). Here, the Fermi level pinning effect is not considered in Figure 4.14 (a). 
However, the band alignment at such Au/p-doped MoS2 interfaces could be 
complicatedly affected by the interfacial traps, as shown in Figure 4.11 (b). To 
experimentally identify the transport property of such Au/p-doped MoS2 interfaces, we 
fabricated a back-gated MoS2 field-effect transistor (FET) using the method described in 
chapter 3. The top surface of the MoS2 channel was blank-treated with CHF3 plasma to 
form a pair of Au/p-doped MoS2 drain/source contacts. Figure 4.14 (b) is the cross-
sectional view of the FET device structure labeled with critical dimensions. Figure 4.14 
(c) plots the I-V characteristics measured under different gate voltages (VG) of the FET. 
This FET shows highly linear and symmetric IDS – VDS characteristics under all gate 
voltages, which verifies that the Au/p-doped MoS2 interfaces are quasi-Ohmic contacts 
with a negligible Schottky barrier. This band structure analysis further supports our view 
that the p–n junctions formed in MoS2 photoactive layers enhance a photovoltaic 
response observed in plasma-treated MoS2 PV devices. 
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Figure 4.14 Additional analysis of Au/plasma-treated MoS2 interfaces: (a) ideal 
band diagram of an Au/plasma-treated p-type MoS2 interface that is plotted 
without taking into account the Fermi level pinning effect due to the interfacial 
traps; (b) Cross-sectional illustration of a back-gated MoS2 FET (c) Output 
characteristics (i.e., IDS-VDS curves measured under different VG) of this FET, 
which are highly linear and symmetric. 
 
4.5 Interlayer Transport Characteristics of Multilayer MoS2 
It is known that, in layered semiconductors, the interlayer transport characteristic 
parameters (e.g., mobility and saturation velocity) are poorer than the corresponding 
parameters for the in-plane transport case. To study the interlayer transport properties in  
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Figure 4.15 Forward bias J-V characteristic curve, measured without 
illumination, of a MoS2 diode consisting of vertically stacked Au/p-doped 
MoS2/n-type MoS2/ITO layers (total MoS2 thickness ~120 nm), which exhibits 
different transport characteristics in different bias regimes, including Boltzmann 
(0-1.2 V), low-field space-charge-limited conduction (SCLC) (1.2-4 V), and 
velocity-saturation SCLC (>4 V) regimes. 
 
multilayer MoS2, we further measured the diode transport characteristics of our PV 
devices in different bias regimes. Figure 4.15 displays the forward bias J-V characteristic 
curve, measured without illumination, of a PV diode consisting of vertically stacked 
Au/p-doped MoS2/n-type MoS2/ITO layers. The channel length of this vertical diode (or 
the total MoS2 thickness) is L ∼ 120 nm. This vertical MoS2 diode shows different 
transport characteristics in different bias regimes, including Boltzmann (V = 0-1.2 V), 
low-field space-charge-limited conduction (SCLC) (V = 1.2-4 V), and velocity-saturation 
SCLC (V > 4 V) regimes. In particular, in the low-field SCLC regime, the J-V curve is 
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consistent with equation 1 (i.e., the Mott-Gurney equation for the low-field SCLC regime) 
[142, 143], where kMoS2 is the effective dielectric constant of multilayer MoS2 (kMoS2 ∼ 10) 
[144, 145]; ε0 is the vacuum permittivity; μ+ is the field-effect mobility along the 
direction perpendicular to MoS2 layers. Here, the coefficient 𝛼 = 9𝑘𝑀𝑀𝑀2𝜀0𝜇+/8𝐿3  is 
fitted to be ∼115 A/V2cm2, and 𝜇+ = 8𝐿3𝛼/9𝑀𝑀𝑀2𝜀0 is obtained to be ∼0.2 cm2/Vs that is 
about 2 orders of magnitude lower than typical in-plane mobility (μ//) values of MoS2 
layers.  
In the velocity-saturation SCLC regime, the J-V curve can be fitted with equation 
2 (i.e., the Mott-Gurney equation for the velocity-saturation SCLC regime) [142, 143], 
where v+ is the saturation velocity along the direction perpendicular to MoS2 layers. The 
coefficient 𝛽 = 2𝑘𝑀𝑀𝑀2𝜀0𝑣+/𝐿2 is fitted to be ∼348 A/Vcm2 , and v+ is obtained to be ∼3 
x 104 cm/s that is also about 2 orders of magnitude lower than the in-plane saturation 
velocity in MoS2 layers [146]. Moreover, the critical electric field associated with v+ is 
∼3 x 105 V/cm that is obtained from the critical voltage (∼4 V) of the transition between 
low-field and velocity-saturation SCLC regimes. 
𝐽 = 9𝑘𝑀𝑀𝑀2𝜀0𝜇+𝑉28𝐿3 = 𝛼𝑉2             (1) 
𝐽 = 2kMoS2ε0v+V8𝐿3 = 𝛽𝑉                  (2) 
 
4.6 Analysis and Discussion 
We currently lack a comprehensive model to fully understand the MoS2 
thickness-dependent behaviors of critical PV parameters. Such a model should be based 
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on the plasma doping-modulated band structure of MoS2. This model also requires 
comprehensive data of diffusion lengths and binding energies of photo-generated e-h 
pairs, positions/depths of p-n junction depletion regions, electric field-dependent 
recombination rates of carriers, and light extinction coefficients in plasma-doped 
multilayer MoS2. Here, we only suggest an initial qualitative explanation. The 
improvement of Jsc with increasing the MoS2 thickness in the range of 10-120 nm could 
be due to the increase of the total absorption of incident light and the total amount of 
photo-generated carriers. The low Jsc values observed in devices with MoS2 thicknesses > 
210 nm (Figure 4.10) may be due to the limited diffusion lengths of photo-generated 
carriers resulting in a low collection efficiency of carriers at the electrodes. Although the 
origins of Voc and FF parameters of MoS2 PV devices are still not identified, the 
previously reported works on c-Si, α-Si, and organic PV cells imply that they are 
probably associated with multiple factors, including built-in potentials (ΔΦin) at p-n 
junctions, shunt resistance (Rsh), series resistance (Rs), generation rate of carriers per unit 
photoactive area (G), disorder, temperature (T), and the work functions of electrodes 
[147-149]. Here, Rsh, Rs, G values depend on the MoS2 thickness. The increase of MoS2 
thickness in the range of 10-120 nm can improve the light absorption and the generation 
rate of carriers (G), which could increase the quasi-Fermi level difference between 
electrons and holes, and therefore increase Voc. This mechanism is also expected to be 
associated with an increase of Jsc. In addition, the increase of MoS2 thickness can reduce 
the current leakage through the tunneling channels and pin-holes in MoS2 flakes. This 
reduced current leakage could increase Rsh and therefore Voc as well as FF values. 
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However, when the MoS2 thickness is overly thick (e.g., tMoS2 > 210 nm), Rs is probably 
too high and reduce the FF value [147-149].   
Finally, we systematically compare the critical photovoltaic response parameters 
measured in our plasma-doped MoS2 PV devices with those of relevant TMDC-based 
photo-devices reported by other groups (Table 1) [32, 33, 36, 37, 49, 150]. To the best of 
our knowledge, under the standard AM1.5G illumination, our CHF3 plasma-doped PV 
devices with 100-120 nm thick MoS2 photoactive layers exhibit the highest Jsc, EQE, and 
PCE values among current TMDC-based PV-related devices with similar photoactive 
layer thicknesses [33]. It is noted that our PV devices as well as other recently reported 
vertically stacked TMDC heterostructure PV devices show relatively low values of Voc 
(lower than 0.6 V; mostly in the range 0.1-0.3 V). Such low Voc values could be attributed 
to pinholes or edge leakage defects in current MoS2 flakes, which may cause undesirable 
leakage between electrodes, relatively low shunt resistance (Rsh), and hence relatively low 
Voc [147-149]. Such a pinhole or edge-leakage effect is expected to become more critical 
with reduction of MoS2 thickness. To support this analysis, we plot Rsh values of our 
CHF3- doped devices as a function of their MoS2 photoactive layer thicknesses (Figure 
4.16 (a)). Figure 4.16 (a) exhibits that Rsh indeed reduces with reduction of MoS2 
thickness. In addition, the Voc values of our devices also show a strong correlation with 
Rsh values (i.e., Voc decreases with reduction of Rsh, as demonstrated in Figure 4.16 (b)). 
These experimental data support our conclusion that pinholes or edge leakage defects 
would be likely responsible for the relatively low Voc values of current vertically stacked 
TMDC PV devices. With the development of new methods enabling the growth of high-
quality MoS2 films with a lower defect density and the reliable passivation of the edge 
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Figure 4.16 Analysis of open-circuit voltage Voc values of CHF3 plasma-doped 
PV devices: (a) shunt resistance (Rsh) versus MoS2 thickness; (b) Voc versus Rsh. 
 
leakage states of MoS2 flakes, the Voc values of vertically stacked TMDC PV devices 
would be significantly improved in the future. 
 
4.7 Summary 
In conclusion, this work has provided a solid foundation to study that the plasma-
assisted doping can serve as a reliable method to form stable p-n junctions in multilayer 
MoS2 and induce a significant improvement of photovoltaic response in MoS2-based PV 
devices. We have applied this doping method to fabricate a vertically stacked Au/p-doped 
MoS2/n-type MoS2/ITO PV structure and achieved reasonably good PCE values up to 
2.8 % and very high Jsc values up to 20.9 mA/cm2 under AM1.5G illumination, as well as 
high EQE values in the range of 37% - 78% for wavelengths ranging from 300 to 700 nm. 
These are the highest performance of PCE, Jsc, and EQE for TMDC-based PV devices 
ever reported to date. This work also explains that the photovoltaic response performance 
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of MoS2 PV devices highly depends on the MoS2 photoactive layer thicknesses, and the 
optimal MoS2 thickness for achieving the highest PV performance may be in the range of 
120 – 210 nm. We expect that this work could lead new technical approaches for tailoring 
the band structures of emerging atomically layered 2D materials, and provide critical and 
imperative scientific insights for leveraging the unique optoelectronic properties of these 
materials for future photovoltaic and other optoelectronic applications. 
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          Chapter 5  
 
 
High Blue-Near Ultraviolet Photodiode Response of Vertically 
Stacked Graphene-MoS2-Metal Heterostructures  
 
5.1 Introduction 
Vertically stacked heterostructures consisting of graphene (Gr) and transition 
metal dichalcogenides (TMDCs) attract a great deal of interest due to their excellent 
optoelectronic properties that could enable high-performance photo-response devices 
such as thin-film photovoltaic (PV) cells, photo-detectors, and biosensors [32, 37, 38]. 
Particularly, in such heterostructures aimed to photo-response applications, graphene 
layers can be used for transparent electrodes; multilayer TMDCs serve as photoactive 
layers (note that multilayer TMDC flakes are demanded here for retaining sizable light 
absorption to enable practical photo-response applications [33], although TMDC 
monolayers are attractive for light-emitting applications [34, 35, 66]); and metal 
structures can be incorporated to act as additional electrodes, supporting materials, or 
plasmonic components [32, 37, 38]. Such Gr/TMDC-based vertical heterostructures are 
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beneficial as compared to conventional semiconductor heterostructures that are based on 
epitaxially grown photoactive layers and indium tin oxide (ITO) electrodes, particularly 
in regard to important aspects associated with practical photo-response applications. First, 
the replacement of graphene for ITO could enhance the flexibility of heterostructures and 
also address the problem that the earth has a low abundance of indium. Second, TMDCs 
show very high light absorption coefficients in the visible light region. For example, a 
single TMDC layer (~0.65 nm) can absorb as much sunlight as ~50 nm thick Si or 
~12 nm GaAs films [111, 130]. More specifically, MoS2 has an absorption coefficient of 
5–7 × 105 cm−1 in the visible light region [130]. This implies that a ~20 nm thick MoS2 
flake can absorb most of the transmitted visible light, having a high quantum yields. 
Third, high-quality two-dimensional (2D) heterojunctions with a low density of dangling 
bonds can be built by simply stacking graphene and TDMC layers. Such a stacking 
process does not require exquisite epitaxy tools for addressing the “lattice mismatch” 
issue involved in the growth of heterostructures consisting of conventional 3D 
semiconductor films, potentially producing the low-cost manufacturing of high-
performance photo-response devices in the future [32, 37, 38]. To employ these desirable 
aspects for photo-response device applications, one demands methods to create built-in 
potentials in vertically stacked Gr/TMDC heterostructures for separating photo-generated 
electron-hole (e-h) pairs and improving the external quantum efficiency (EQE) of 
photocurrent generation. Recently, Yu et al. demonstrated the modulation of the 
photocurrent generation in Gr/MoS2 heterostructures by using external gates [32]. 
Britnell et al. reported a short-circuit photocurrent generated in Gr/WS2 heterostructures 
with moisture-doped Gr electrodes [37]. However, to fully develop the potential of 
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Gr/TMDC heterostructures, additional methods that can permanently form built-in 
potentials in such structures are demanded. 
In this Chapter, we leveraged our previously studied plasma doping processes to 
create built-in potentials in vertically stacked Gr/MoS2/metal heterostructures. We also 
studied the effects of different plasmas on photodiode response behaviors [151]. We 
demonstrated that the heterostructures doped with fluorine-contained plasmas exhibit 
relatively high EQEs for both photovoltaic (zero bias) and photoconductive (negative 
bias) modes. Especially, in the photovoltaic mode, the EQEs of CHF3 plasma-doped 
heterostructures are in the range from 33% to 55% in the wavelength (λ) range of 400–
700 nm and from 58% to 80% for wavelengths 300–400 nm. Such high EQEs in the blue-
near ultraviolet (NUV) region is attributed to the integration of robust plasma-formed 
built-in potentials and high-quality Gr/MoS2 heterojunctions with a low density of 
interfacial recombination centers. 
 
5.2 Experimental Setup for Graphene-MoS2-Metal Heterostructure 
Photoresponse Devices 
5.2.1 Fabrication of Graphene-MoS2-Metal Photoresponse Devices 
Figure 5.1 (a) illustrates a graphene (Gr)/undoped n-type MoS2 (nM)/p-doped 
MoS2 (pM)/Au heterostructure device structure (referred as the Gr/nM/pM/Au structure). 
To fabricate this structure, multilayer MoS2 flakes (~40 nm thick) are mechanically 
exfoliated from MoS2 ingots (SPI, Inc.) onto pre-fabricated Au electrodes (~50 nm thick) 
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Figure 5.1 Photovoltaic devices based on vertically stacked graphene/MoS2/metal 
heterostructures: (a) 3D illustration of a graphene (Gr)/n-type MoS2 (nM)/plasma-
doped p-type MoS2 (pM)/Au heterostructure; (b) top-view optical micrograph of 
an as-fabricated Gr/nM/pM/Au heterostructure (the scale bar is 10 µm). 
 
 on SiO2 substrates by using our methods in chapter 4. Before this mechanical exfoliation, 
MoS2 ingot surfaces are treated with different plasmas (O2, SF6, CF4, CHF3) by a reactive 
ion etching (RIE) tool (Plasma-Therm 790 Etcher, gas flow: 10 SCCM, pressure: 10 
mTorr, RF power: 100 W, and doping time: 1 min). As described in chapter 3 [9, 134], 
such plasma treatment processes can embed F or O atoms into the top surface of to-be-
exfoliated MoS2 flakes [151]. The maximum penetration depth of these dopant atoms was 
previously estimated to be ~7 nm (~10 quintuple layers) using angle-resolved X-ray 
photoelectron spectroscopy (ARXPS) in chapter 3 [151]. The embedded F and O atoms 
can serve as effective acceptors in MoS2 layers due to their strong electronegativity [118, 
125]. We previously confirmed that built-in potentials at plasma-formed p-n junctions in 
MoS2 flakes were determined to be 0.5–0.7 eV through observing plasma-doping-induced 
downshifts of Mo 3d XPS peaks [151, 152]. It is expected that the plasma doping could 
partially induce damages on thin layered materials. However, we anticipate that such a 
dopant-induced damage could be reduced by using a surface charge transfer (SCT) 
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doping scheme [153]. In SCT processes, plasmas with relatively low power densities are 
performed to introduce the target dopants in the form of adatoms that are embedded in 
the top few layers (~7 nm) of materials and do not damage the underlying layers [154]. In 
this case, the p-doping effect extends to the underlying layers through the charge-
transfer-induced band bending [153]. After the exfoliation, the p-doped surfaces of MoS2 
flakes contact to Au electrodes, while the outbound surface layers of exfoliated MoS2 
flakes maintain n-type. These surfaces are subsequently covered with patterned 
monolayer graphene that serve as transparent electrodes. Such graphene electrodes are 
produced by using a standard procedure, including chemical vapor deposition, 
photolithography, and plasma etching, all of which have been described in previous 
chapters [32, 155-160]. Figure 5.1 (b) exhibits a top-view optical image of a 
representative Gr/nM/pM/Au structure. 
 
5.2.2 Synthesize and Transfer Process of Graphene 
Here, we synthesized a single layer graphene on the polycrystalline transition Cu 
foil which serves as a catalyst. Since the Cu is a very low carbon solubility catalyst 
(<0.001 atomic %), the synthesis of graphene is limited to the surface of the catalyst. 
Firstly, the copper foil was cleaned in the acetic acid for 10 min then rinsed with the DI 
water and IPA. The cleaned foil was loaded in the CVD chamber then annealed at 
1020°C for 1 hour under 10 sccm of H2 flow. This annealing process removed copper 
oxides as well as other residuals from the surface and to increase the grain size. After 
annealing process, we started the growth of the graphene with 2 sccm of H2 and 35 sccm 
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of CH4 at 1020°C for 18 min. Finally, the furnace was turned off and quickly cooled 
down because the fast cooling is important for separation of the graphene from the copper 
surface. The gas flows stay constant during cooling.  
For the transfer of graphene from Cu foils to target samples, we used the wet 
transfer process. The grown graphene on the Cu foils was cut into smaller pieces (1 cm2), 
then a thin layer of poly methyl methacrylate (PMMA) (MicroChem 950 PMMA 4) was 
spin-coated on the as grown graphene on one side of the foil at 3000 rpm for a minute. 
The PMMA coated sample was post-baked at 120 °C for 1 min, and subsequently, the 
oxygen plasma was applied to the rear side of the Cu foil to remove the graphene. The 
copper was etched in a H2O (1M) and (NH4)2SO8 (0.1M) solution for 3 hours. These 
graphene/PMMA films were moved to the DI water for 10 min for rinse. The cleaned 
films were transferred to the hetero structure device site (pre-patterned Au contacts/MoS2 
flakes on SiO2/Si substrate), then softly dried on the hot plate at 50-60 °C. Finally the 
samples were annealed at 350 °C for 2 hours under hydrogen (20 sccm) and argon (20 
sccm) gas flow to remove the PMMA layers. 
The graphene electrodes were fabricated by photolithography followed by the 
oxygen plasma etch (Plasma-Therm 790 Etcher, O2 gas flow: 10 SCCM, pressure: 10 
mTorr, RF power: 100 W, and treatment time: 30 sec). 
 
5.3 Band Structure Analysis of Graphene-MoS2-Metal Photoresponse Devices 
Figure 5.2 illustrates the band diagrams of undoped Gr/nM/Au (upper) and 
plasma-doped Gr/nM/pM/Au (bottom) heterostructures. We aligned the band structure 
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Figure 5.2 Band diagrams of an undoped Gr/nM/Au heterostructure (upper) and a 
plasma-doped Gr/nM/pM/Au heterostructure (bottom). 
 
 based on previously reported work functions of graphene (ΦGr > 4.3 eV, i.e., our 
graphene layers are slightly p-type) [161], undoped n-type MoS2 (Фn−MoS2 ~ 4.6 eV) [39], 
p-doped MoS2 (Фp−MoS2, 5.1–5.3 eV) [151], and Au (ФAu ~ 5.1 eV) [162, 163]. A 
Schottky barrier potential (ΔΦSB = ФAu − Фn−MoS2 ~ 0.5 eV) and a p-n junction built-in 
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potential (ΔΦpn = Фp−MoS2  − Фn−MoS2 ~ 0.5–0.7 eV) are expected to be formed in 
Gr/nM/Au and Gr/nM/pM/Au heterostructures, respectively. Both ΔΦSB and ΔΦpn built-in 
potentials could effectively increase the separation and collection of photo-generated e-h 
pairs and result in a high EQE for photocurrent generation. In both heterostructures, the 
interface between graphene and n-type MoS2 is estimated to be either a quasi-Ohmic 
contact or a shallow Schottky barrier contact with a built-in potential of less than 0.3 eV. 
 
5.3 Experimental Results of Graphene-MoS2-Metal Photoresponse Devices 
5.3.1 Photoresponse Characteristics of Graphene-MoS2-Metal Photoresponse 
Devices 
Figure 5.3 (a) and (b) plot the current density–voltage (J-V) characteristics of a set 
of Gr/MoS2/Au (or Pt) heterostructures measured under no illumination and under the 
532 nm laser (power density, Pin = 283 mA/cm2) illumination, respectively. The MoS2 
photoactive layers of all devices were produced in the same batch. However they were 
doped by using various plasmas. Figure 5.3 (c) displays the EQEs (for λ = 532 nm) of 
these devices measured under different biases. Here, EQE values are calculated using 
EQE = (Eph/q)(Jph/Pin), where q is the elementary charge; Eph is the photon energy; Jph is 
the photocurrent density; and Pin is the illumination power density. Jph is obtained using 
Jph = Ji − Jdark, where Ji is the total current density captured under illumination and Jdark is 
the dark current density. 
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Figure 5.3 Photo-response characteristics of Gr/nM/pM/Au heterostructures 
doped with various plasmas. The J-V characteristics were measured (a) under no 
illumination and (b) under the 532 nm laser illumination (power density, 283 
mW/cm2). (c) The EQEs (for λ = 532 nm) plotted as a function of the bias. 
 
Figure 5.3 (a) demonstrates that all of plasma-doped heterostructures show the 
higher degrees of current rectification (i.e., forward/reverse current ratios (IF/IR) 
measured at |V| = 0.3 V) in comparison with the undoped control device. Table 2 lists the 
IF/IR data of all devices with different dopants and structure. As shown in Figure 5.3 (b) 
and (c), undoped and O2 doped devices show negligible values of short-circuit 
photocurrent density (Jsc) and EQE at zero bias. However fluorine-contained plasma-
doped (i.e., SF6, CF4, and CHF3) devices exhibit sizable values of these PV parameters as 
well as other PV parameters such as open-circuit voltage (Voc), fill factor (FF), power 
conversion efficiency (PCE), and EQEs in the photoconductive mode (i.e., negative bias 
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mode). Table 2 summarizes the specific data of such parameters. In particular, the 
Gr/nM/pM/Au device doped with CHF3 plasma shows the highest EQEs (for λ = 532 nm) 
under both zero and negative biases (47.3% at V = 0; 51.4% at V = −0.3 V) among all 
devices. Such high EQEs have been repeatedly measured in other CHF3-doped devices 
including one with a Pt electrode (Figure 5.3). These photoresponse results indicate that 
the ΔΦpn built-in potentials formed by plasma doping effectively enhance the quantum 
efficiencies for separating photo-generated carriers in Gr/MoS2/Au heterostructures, 
whereas the ΔΦSB potentials theoretically anticipated in undoped heterostructures can 
hardly generate a strongly preferred diffusion direction for photo-generated carriers. This 
low carrier collection efficiency in undoped devices is due to the Fermi-level pinning 
effect related with the interfacial traps at MoS2/Au interfaces. Such Fermi-level pinning 
effect could reduce the real ΔΦSB value at MoS2/Au interfaces much lower than that 
theoretically predicated in Figure 5.2. 
 
 
 
To further understand the role of ΔΦpn and ΔΦSB potentials in photocurrent 
generation, we fabricated a Gr/pM/nM/Au device. In this device, the CHF3 plasma-doped 
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side of the MoS2 layer is in contact with the graphene electrode. Figure 5.4 (a) displays 
the theoretically expected band diagram of this structure without considering the Fermi-
level pinning effect. In this device, ΔΦpn and ΔΦSB potentials have opposite polarities. 
 
 
Figure 5.4 Photo-response characteristics of a Gr/pM/nM/Au structure doped 
with CHF3 plasma: (a) theoretically expected band diagram of this structure 
without considering the Fermi-level pinning effect due to the interfacial traps; (b) 
J-V characteristics of this structure measured under no illumination and under the 
illumination of a 532 nm laser (power density, 283 mW/cm2). 
 
These two different potentials are expected to compete with each other in producing 
photocurrents with opposite flowing directions. The direction (or polarity) of the net 
photocurrent is expected to be decided by the built-in potential with a more dominant 
magnitude. Figure 5.4 (b) plots the J-V characteristics of this heterostructure obtained 
under no illumination and under the 532 nm laser illumination. This Gr/pM/nM/Au 
device shows comparable magnitudes of current rectification degree, Jsc (−45.3 mA/cm2), 
and Voc (−0.13 V) as compared to the Gr/nM/pM/Au structure shown in Figure 5.3. 
However these parameters have an opposite polarity compared to those acquired from the 
Gr/nM/pM/Au device. This result also supports the conclusion that the plasma-doping-
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induced built-in potential (ΔΦpn) in a MoS2 flake determines the magnitude and polarity 
of the photocurrent produced in Gr/MoS2 heterostructures. 
 
5.3.2 Wavelength-Dependent EQE Spectra of Graphene-MoS2-Metal Photoresponse 
Devices 
We studied the wavelength-dependent EQE spectra of Gr/nM/pM/metal 
heterostructures in the photovoltaic mode. In this experiment, the devices were 
illuminated with a luminescence spectrometer (AMINCO-Bowman series 2), and Jsc 
values were measured with a Keithley 6514 electrometer. The EQE at a wavelength λ is 
obtained from the Jsc measured under illumination at λ with an incident power density Pλ 
(i.e., EQE (λ) = (Jsc/Pλ)(hc/qλ), where h is Planck's constant and c is the speed of light.  
Figure 5.5 plots the EQE spectra of various plasma-doped (i.e., SF6, CF4, and CHF3) 
Gr/nM/pM/Au (or Pt) devices that are demonstrated in Figure 5.3 as well as a control 
device with a CHF3 plasma-doped ITO/nM/pM/Au structure (all devices have very 
similar MoS2 thicknesses ~40 nm). All CF4 and CHF3-doped devices show comparable 
EQEs for λ = 500–675 nm (i.e., 23%–50% for CF4- and CHF3-doped Gr/nM/pM/Au (or 
Pt) devices; 21%–55% for the CHF3-doped ITO/nM/pM/Au control device). However, 
for λ = 300–400 nm (i.e., in the violet-NUV region), the EQEs of CF4 and CHF3-doped 
Gr/nM/pM/Au (or Pt) devices (i.e., 41%–81%) are much higher than those of the 
ITO/nM/pM/Au device (i.e., less than 10%). It is also noted that although the SF6-doped 
Gr/nM/pM/Au device shows much lower EQEs for λ = 500–675 nm as compared to other 
devices, its EQEs in the violet-NUV region (i.e., 16%–23%) are still higher than those of  
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Figure 5.5 Photovoltaic-mode (or zero-bias mode) EQE spectra of the SF6, CF4, 
and CHF3 plasma-doped Gr/nM/pM/Au (or Pt) heterostructure devices that are 
discussed in Figure 5.3 as well as a control device with a CHF3 plasma-doped 
ITO/nM/pM/Au structure. 
 
the ITO/nM/pM/Au control device. In addition, this SF6-doped Gr/nM/pM/Au device 
exhibits a wavelength dependence very similar to those of CF4 and CHF3-doped 
Gr/nM/pM/metal devices. As well known, most PV devices based on conventional 
semiconductors, similar to this ITO/nM/pM/Au control device, exhibit significantly 
depressed EQEs in the blue-NUV region, which is attributed to the blue-response-
reduction effect associated with the front surface recombination of photogenerated e-h 
pairs [137-140]. Here, the non-depressed EQEs in the violet-NUV region obtained with 
Gr/nM/pM/Au devices can be due to the high-quality graphene/MoS2 heterojunctions that 
are expected to have an extremely low density of tangling bonds and hence surface 
recombination centers thanks to the 2D nature of the surfaces of graphene and MoS2 
layers. In addition, the combination of high photon energies of incident violet-NUV lights 
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(3.1–4.1 eV), relatively narrow bandgap of multilayer MoS2 (~1.3 eV), and high built-in 
fields (ε ~ ΔΦpn/d ~2 × 105 V/cm, where d is MoS2 thickness) in photoactive layers would 
likely generate multiple exciton generation (MEG) that may also contribute to the high 
violet-NUV EQEs of our Gr/nM/pM/Au devices [164]. The future effort will study to 
quantify the possibility of MEG processes in such Gr-contacted TMDC heterostructures 
illuminated with violet-NUV lights. The observed high EQEs in the violet-NUV region 
may not be greatly advantageous for the regular solar cell applications on the ground, 
because the standard sunlight spectrum is significantly cut off at λ ~280 nm. However, 
these devices could be advantageous for special purpose solar cell applications on 
satellites and spacecrafts or for making cost-efficient NUV-UV photodetectors. 
 
5.4 Summary 
In summary, we fabricated and characterized the photodiode response behaviors 
of vertically stacked graphene/MoS2/metal heterostructures in photovoltaic and 
photoconductive modes. Our work demonstrates that plasma-induced built-in potentials 
play an important role in photocurrent generation. In addition, the heterostructures doped 
with fluorine-contained plasmas exhibit non-depressed photovoltaic EQEs in the violet-
NUV region, which could be attributed to the low density of recombination centers at the 
interface between graphene and MoS2 and the possible involvement of MEG schemes. 
This research suggests critical insights for leveraging the optoelectronic properties of the 
heterostructures based on emerging layered materials. 
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          Chapter 6  
 
 
Photovoltaic Response in Pristine WSe2 Layers Modulated by 
Metal-Induced Surface Charge Transfer Doping  
 
6.1 Introduction 
Atomically layered transition metal dichalcogenides (TMDCs) have been in the 
spotlight for next generation optoelectronic applications due to their attractive photonic 
properties [165-167]. Semiconducting TMDCs, such as MoS2 and WSe2, have very high 
light absorption coefficients for a broad range of wavelengths [37, 168]. Therefore, they 
appear well-suited for designing photo-response devices, particularly photovoltaic (PV) 
and photo-detection devices [33, 168-174]. All semiconductor-based photo-response 
devices require a built-in potential to separate photo-generated electron-hole (e-h) pairs. 
Currently, the research community seeks suitable techniques for generating permanently 
stable built-in potentials in pristine TMDC layers. Conventional doping processes (e.g., 
ion implantation) for creating p-n junctions in semiconductors are difficult to be applied 
for TMDCs, because high-energy ion implantation causes to detrimental damage to the 
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layered structures. In Chapter 4, we demonstrated MoS2 PV devices in which p-n 
junction potentials were formed by using a plasma doping approach [175-177]. However, 
such a low-energy doping method still leads to significant degradation of the transport 
properties of MoS2 layers [176, 177]. Pospischil et al. shows WSe2 p-n junction photo-
diodes that were electrostatically doped by using a pair of separated back-gate electrodes 
[178]. The operation of such devices requires additional gate biases, and thus, they are 
not suitable for photovoltaic applications. Furchi et al. [67] and Cheng et al. [68] 
demonstrated heterojunction photo-diodes by vertically stacking MoS2 and WSe2 layers, 
and their works show that such heterostructures can result in built-in fields for generating 
photovoltaic responses. However, the community still lacks low-cost fabrication process 
for TMDC heterostructures over large areas, which limits the scale-up application of 
these promising heterostructures. Additionally, Choi et al. fabricated chemically doped 
MoS2 p-n diodes [179], and Fontana et al. reports MoS2 Schottky photodiodes in which a 
MoS2 flake is contacted to different metal electrodes and a built-in potential can be 
formed in the MoS2 channel due to the work function difference between the two 
electrodes [180]. Although the photo-response devices from these two studies can result 
in observable photovoltaic responses, their lateral structure shows very poor collection 
efficiency of photo-generated carriers. 
In this chapter, we demonstrate application of metal-film-induced surface-charge-
transfer (SCT) doping to generate photovoltaic responses in pristine multilayer WSe2 
[181]. To identify the suitable metals for doping WSe2, we used X-ray photoelectron 
spectroscopy (XPS) analysis of WSe2 samples coated with various metals. Our XPS 
analysis indicated that SCT-induced built-in potentials at different metal/WSe2 interfaces 
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show some extent of dependence on the work-function differences between WSe2 and 
different metals. Based on such XPS results, we made PV devices in which WSe2 layers 
were vertically sandwiched by different pairs of top/bottom metals. The PV 
characterization results exhibits that the PV performance parameters are associated with 
the built-in potentials formed at the interfaces between top metals and WSe2 layers. It 
should be noted that although WSe2 and other TMDC multilayer structures have been 
studied as photoelectrochemical cell (PEC) materials for several decades [182], these 
previous works mainly focused on the photochemical properties of such materials. 
Therefore their photovoltaic properties as well as new processes for improving their 
photo-responsivities remain poorly explored. In spite of strong efforts for studying the 
attractive properties of monolayer WSe2, many practical photo-response applications, 
indeed demand multilayer structures because multilayer obtains sizable densities/amounts 
of optoelectronic states and can absorb a large amount of photons, resulting in high photo 
responsivities[58, 183]. However, there have been very few efforts dedicated to improve 
the photo-response characteristics of vertically arranged multilayer WSe2 devices. 
 
6.2 Design and Fabrication of WSe2-Based Photovoltaic Devices  
Figure 6.1 (a) displays the studied device structure. It consists of vertically 
stacked indium-thin-oxide (ITO)/top-metal/WSe2/bottom-metal layers. Figure 6.1 (b) 
exhibits the schematic band diagram of this device structure. In this structure, the charge 
transfer at metal/WSe2 interfaces induces SCT doping into WSe2 layers and create built-
in potentials capable of separating e-h pairs and producing PV responses [153]. 
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Figure 6.1 Illustration (a) and schematic band diagram (b) of a photovoltaic 
device with vertically stacked indium-tin-oxide (ITO)/top-metal/WSe2/bottom-
metal layers. 
 
6.2.1 XPS Analysis of Metal-Coated WSe2 Samples 
To identify suitable metals for our device structure, we used XPS analysis of bulk 
WSe2 samples (SPI, Inc.) coated with different metals (Zn, Al, In, Mo, and Au) and 
semimetal Bi2Se3. In XPS measurements, 1486.7 eV Al Kα X-ray was applied, and its 
penetration depth is estimated to ~1 μm [126, 127]. Figure 6.2 (a) explains the principle  
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Figure 6.2 XPS analysis of metal-coated WSe2 samples: (a) a schematic band 
diagram showing the charge-transfer-induced change of the binding energy of W 
4f electrons (EW 4f); (b) XPS binding energy peaks of W 4f7/2 and W 3d5/2 
electrons measured from samples with various coatings; (c) dependence of the 
shift of EW 4f7/2 peaks of various metal-coated samples relative to that of uncoated 
WSe2 on the work-function differences between metals and WSe2. 
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of using XPS to evaluate the SCT-induced built-in potential at a metal/WSe2 interface. 
The XPS of an uncoated WSe2 sample can capture the binding energy of valence 
electrons in intrinsic WSe2 layers (e.g., that of W 4f electrons (EW 4f(intrinsic))). For a metal-
coated sample, the presence of a SCT-induced potential at the metal/WSe2 interface can 
result in a band bending in the proximity of this interface. In this case, the XPS 
instrument measures a modulated binding energy value (EW 4f(SCT)) of valence electrons 
[63, 184, 185]. The quantity ΔEW 4f = (EW 4f(SCT))- EW 4f(intrinsic)) can be used for evaluating 
the built-in potential formed at the interface between a metal and WSe2.  
In XPS experiments, metal layers were deposited using a sputtering tool or e-
beam evaporator and their thickness was ~5 nm. The morphology of deposited metal 
films was studied using scanning electron microscopy (SEM). The SEM image in Figure 
6.3 (a) displays that the metal films are continuous. Bi2Se3 nanocrystals were grown 
using a chemical vapor deposition (CVD) method [186].  
 
 
Figure 6.3 SEM images of (a) a representative WSe2 flake coated with a 5 nm 
thick Au film and (b) a representative WSe2 flake, on which Bi2Se3 nanocrystals 
were epitaxially grown for a relatively short time (~1 hour; the whole growth time 
is ~20 hours).  
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Figure 6.2 (b) exhibits the binding energy peaks of W 4f7/2 and W 3d5/2 electrons 
measured from all samples. These XPS results exhibit that Zn, Al, and In metal coatings 
create negative built-in potentials (i.e., ΔEW 4f < 0), whereas Mo, Bi2Se3, and Au coatings 
create positive built-in potentials (i.e., ΔEW 4f > 0). Zn-coated samples show the most 
negative ΔEW 4f value, and Au-coated samples show the most positive ΔEW 4f value. Figure 
6.2(c) plots the ΔEW 4f data measured from different metal/WSe2 interface with respect to 
the work-function differences between metals and WSe2 (Φmetal–ΦWSe2). In Figure 6.2(c), 
the horizontal bar attached to each data point indicates the range of previously studied 
Φmetal values for each metal [187]. Figure 6.2(c) exhibits that ΔEW 4f data show some 
extent of correlation with (Φmetal–ΦWSe2) values. At least, the polarities of all ΔEW 4f data 
are consistent with those of the corresponding (Φmetal–ΦWSe2) data. However, ΔEW 4f and 
(Φmetal–ΦWSe2) data do not show a monotonic relationship. This implies that Fermi-level-
pinning effects still exist at the interface between metal and WSe2 [188]. 
 
6.2.2 Fabrication of WSe2-Based Photovoltaic Devices 
Based on XPS analysis results and the device structure proposed in Figure 6.1 (a), 
we made vertically stacked WSe2 photovoltaic devices with different top metals and 
select Au as the bottom metal for all devices (for the following discussion, PV devices 
are classified by their top metals). For all devices, the bottom metal electrodes (5 nm 
Ti/50 nm Au) were made using photolithography, followed by metal evaporation and lift-
off. WSe2 flakes (thickness ~ 100 nm) were subsequently printed onto the bottom 
electrodes by using a previously method in chapter 4. As reported in this previous work, 
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the morphology of printed TMDC flakes were characterized using SEM and atomic force 
microscopy (AFM), and the flake surface roughness was measured to be ~ 2.2 nm 
(standard deviation). Afterwards, 5 nm top metal films (Zn, Al, In, and Mo) or Bi2Se3 
nanocrystals were deposited on top of WSe2 layers. Finally, 50 nm thick ITO electrodes 
were patterned using sputtering tool. In addition, such ITO electrodes served as the 
etching masks for defining the photoactive areas of vertically stacked PV devices (i.e., 
the top-metal/WSe2 regions not covered by ITO were removed by etching) [175-177]. 
Figures 6.4 (a) and (b) display the top-view optical micrograph (OM) and AFM result of 
a representative Zn-coated device, respectively. The inset in Figure 6.4 (b) plots an AFM 
scanline showing that the total height of the ITO/Zn/WSe2 layers is measured to be ~ 
160 nm and the WSe2 layer thickness is estimated to be ~100 nm. Figure 6.4 (c) displays 
the OM of a representative Bi2Se3-coated device, and the inset exhibits a SEM of Bi2Se3 
nanocrystals. The motivation to incorporate Bi2Se3 nanocrystals to this experiment was 
inspired by the following reasons: (1) Bi2Se3 is a semimetal that has metallic states 
similar to those in metals; (2) Bi2Se3 is also a layered material that can form a clean 
interface with a low density of charge traps when it is grown on WSe2. In this work, the 
average thickness of Bi2Se3 nanocrystals was measured to be 59 ± 27 nm from AFM 
result. Figure 6.3 (b) displays the SEM image of a WSe2 flake on which Bi2Se3 
nanocrystals were grown for a short time. This SEM image exhibits that during the early 
growth stage, crystallographic orientations of Bi2Se3 and WSe2 layers are correlated. This 
result implies that Bi2Se3 and WSe2 layers have clean interfaces. 
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Figure 6.4 Representative WSe2 PV devices generated in this work: (a) and (b) 
top-view optical micrograph and AFM image of a Zn-coated device, respectively. 
The inset in (b) plots an AFM scanline. (c) Top-view optical micrograph of a 
Bi2Se3-coated device. The inset SEM in (c) shows as-grown Bi2Se3 nanocrystals. 
 
6.3 Characterization of WSe2-Based Photovoltaic Device  
6.3.1 Photocurrent-Voltage (J-V) Characterization of WSe2 Photovoltaic Device 
The photovoltaic characterization was measured under illumination with a 532 nm 
laser (power density, 283 mW/cm2). Figure 6.5 exhibits the photovoltaic characteristics of 
a series of representative devices, including a control device with no top metal coating 
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(Figure 6.5 (a)), and the devices with various top metal coatings (Figures 6.5 (b)–(f) for 
Zn, Al, In, Mo, and Bi2Se3 coatings, respectively). The control device exhibits a rectified 
current density (J)–voltage (V) characteristic, which is mainly due to the built-in potential 
formed at the bottom-Au/WSe2 interface (ΔEW 4f ~ +0.6 eV as measured by XPS). 
However, this device does not show any observable photovoltaic response. This may be 
because the photo-generated excitons can hardly be generated in or diffuse into the 
proximity of the bottom-Au/WSe2 interface, resulting in a short efficiency of separating 
excitons. However, all devices with top metal coating show prominent photovoltaic 
response. In particular, Zn, Al, and In-coated devices (Figures 6.5 (b)–(d)) show rectified 
J-V characteristics with the same polarity as that of the control device, however much 
higher rectification degrees (i.e., ratios between forward and backward currents) in 
comparison with that of the control device. Indeed, such highly rectifying photo-diode 
characteristics are consistent with our XPS results in chapter 6.2 for the Zn, Al, and In-
coated WSe2 samples, and further indicate that Zn, Al, and In coatings can create 
negative built-in potentials at top-metal/WSe2 interfaces through the SCT doping. Such 
negative potentials in combination with the positive potentials generated at the bottom-
Au/WSe2 interfaces can form a vertical p-n junction-like structure in Zn, Al, In-coated 
PV devices, which are responsible for the prominent rectification and photovoltaic 
behaviors observed in these devices. The representative Zn-coated device shown in 
Figure 6.5(b) shows the highest photo-conversion efficiency (PCE) of 6.7%. Here, PCE is 
evaluating using PCE = JscVocFF/P0, where Jsc is short-circuit current density, Voc is open-
circuit voltage, FF is fill factor, and P0 is incident light power density (P0 = 283 
mW/cm2). Figures 6.5 (e) and (f) exhibit that Mo and Bi2Se3-coated devices also show a  
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Figure 6.5 Photovoltaic characteristics of representative WSe2 PV devices coated 
with various top metals, including (b) Zn, (c) Al, (d) In, and (e) Mo, as well as (f) 
semimetal Bi2Se3 nanocrystals. (a) Result from a control device with no top metal 
coating. 
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significant photovoltaic response. However the polarity of their Jsc and Voc parameters are 
opposite to those of Zn, Al, and In-coated devices. This result is also consistent with our 
previous XPS data of Mo and Bi2Se3-coated WSe2 samples and indicates that Mo and 
Bi2Se3 coatings induce positive potentials at the top-metal/WSe2 interfaces. Such positive 
potentials are dominant on the photo-diode characteristics of these Mo and Bi2Se3-coated 
devices, although our XPS analysis has shown that there is also a positive potential 
formed at bottom-Au/WSe2 interfaces. In fact, the XPS-measured potential at Au/WSe2 
interfaces (ΔEW 4f ~ +0.6 eV) is higher than those at Mo/WSe2 and Bi2Se3/WSe2 interfaces 
(ΔEW 4f ~ +0.4 eV). We speculate that the reason why the latter is more dominant than the 
former in PV devices may be that the bottom-Au/WSe2 interfaces in PV devices are 
formed by nanoprinting, whereas the Au/WSe2 interfaces in XPS samples are formed by 
sputtering. Nanoprinting may result in relatively lower potentials at Au/WSe2 interfaces 
as compared to sputtering. This speculation could also explain the relatively weak 
rectification observed in the control device with no top metal (Figure 6.5 (a)). 
 
6.3.2 EQE Spectra of WSe2 Photovoltaic Devices 
As shown in Figure 6.6 (a), we also measured the external quantum efficiency 
(EQE) spectrum of this device for wavelengths in the range from 250 to 900 nm using a 
luminescence spectrometer. The EQE value at a specific wavelength (λ) is evaluated from 
the Jsc value measured under the illumination at λ with incident light power density Pλ 
(i.e., EQE (λ) = (Jsc/Pλ)(hc/eλ), where h, e, and c are Planck's constant, the electron 
charge, and the speed of light, respectively). The EQE values of this Zn-coated device are 
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in the range of 40%-83% for visible light, which are generally higher than the highest 
EQE values (30%-50% for vertical multilayer devices; ~20% at λ = 532 nm for lateral 
multilayer devices; 0.2% at λ = 522 nm for lateral monolayer devices) previously reported 
for TMDC-based photo-response devices [33, 35, 37, 65]. In Figure 6.6 (b), we show the 
integral of the overlap between the measured EQE data and the standard AM1.5 G 
spectrum over a wavelength range of 300–900 nm, which yields a calculated Jsc value of 
17.4 mA/cm2 under the standard AM1.5 G illumination. 
 
 
Figure 6.6 (a) The EQE spectrum of an ITO-Zn-WSe2-Au PV device; (b) The 
integral of the overlap between this EQE spectrum and the standard AM1.5G 
spectrum over a wavelength range of 300-800 nm, which yields a calculated Jsc 
value of 17.4 mA/cm2.  
 
6.4 Reliability Test of Surface Charge Transfer (SCT) Doping on WSe2 
Photovoltaic Device  
To test the reliability of the metal-induced SCT doping in generating PV 
responses, we fabricated more PV devices with different top metals. Figure 6.7 plots the 
J-V characteristics of these devices and Figure 6.8 displays (a) Voc, (b) Jsc, (c) fill factor 
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Figure 6.7 Photovoltaic characteristics of all WSe2 PV devices presented in this 
work: these devices have 5 nm thick top metals of (a) Mo, (b) In, (c) Al, and (d) 
Zn, as well as (e) top coating of Bi2Se3 nanocrystals. The bottom metal of all 
devices is Au. The photovoltaic characteristics were measured under the 532 nm 
laser illumination (power density, 283 mW/cm2). 
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Figure 6.8 Additional device data systematically showing the metal-induced SCT 
doping effect on the PV response parameters of WSe2 PV devices: Voc (a), Jsc (b), 
FF (c), and PCE (d) data of multiple metal-doped WSe2 PV devices, which are 
plotted as the functions of ΔEW 4f 7/2. 
 
(FF), and (d) PCE data measured from all devices, which are plotted as the functions of 
XPS-measured built-in potentials (ΔEW 4f) at corresponding top-metal/WSe2 interfaces. In 
addition, the same data are also plotted as the functions of the work function (ΦT) values 
of the top metals in Figure 6.9. Figure 6.8 exhibits that the devices with the same top-
metal coating show good device-to-device consistency in performance parameters. Such 
consistency is expected to be further improved through optimizing the device fabrication 
processes in the future. Figures 6.8 (a), (b), and (d), in comparison with Figures 6.9 (a), 
(b), and (d), demonstrate that the Voc, Jsc, and PCE parameters of our PV devices are 
more associated with ΔEW 4f  as compared to ΦT (or ΦT–ΦWSe2). As discussed in the 
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section on the XPS analysis, this observed weak dependence of PV performance 
parameters on ΦT is due to the Fermi-level-pinning effect at top-metal/WSe2 interfaces. 
 
Figure 6.9 Additional device data systematically showing the metal-induced SCT 
doping effect on the PV response parameters of WSe2 PV devices: Voc (a), Jsc (b), 
FF (c), and PCE (d) data of multiple metal-doped WSe2 PV devices, which are 
plotted as the functions of the work function (ΦT) of the top metal electrode. 
 
6.5 Summary 
In summary, we fabricated and characterized PV devices consisting of a vertically 
stacked ITO/top-metal/WSe2/bottom-metal structure. The operation principle of these 
devices is based on the metal-induced built-in potentials. Our XPS results demonstrate 
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that Zn, Al, and In-coated WSe2 layers have negative built-in potentials, whereas Mo, 
Bi2Se3, and Au-coated ones have positive potentials. Based on XPS results, we designed 
PV devices with an ITO/top-metal (or Bi2Se3)/WSe2/Au structure. The PV performance 
parameters showed a significant dependence on the built-in potentials formed at top-
metal/WSe2 interfaces. The devices with Zn top metal exhibit PCEs up to 6.7% under the 
532 nm illumination. This work provides a generic method for doping layered 
semiconductors and producing PV responses without detrimental damage to layered 
materials.  
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Appendix A 
Finite Element Analysis for Simulating Electric Field around The Edge ribbon of A 
MoS2 Pixel and Calculating Effective Gate Capacitance of Edge-based FETs (Cg)  
 
Figure A1 exhibits the simulation of electric field around the edge ribbon of a 
MoS2 pixel (cross-sectional view).  
 
Figure A.1 (a) Simulation model based on finite element analysis (FEA) for 
calculating the effective gate capacitance of the edge ribbon of a MoS2 pixel, 
which takes into account the fringe effect at the feature edges. (b) Cross-sectional 
viewgraph of simulated electric field around the MoS2 edge ribbon. (c) Cross-
sectional viewgraph of simulated equipotential lines of 6 electric field around the 
MoS2 ribbons.  
 
 
The simulation was conducted by using a finite element analysis (FEA) software 
tool (MAXWELL SV from Ansoft, Inc.). The simulation can calculate the effective gate 
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capacitance associated with a single MoS2 ribbon per unit channel length (Cg) [unit: F/m].  
In the simulation, the dielectric constant of SiO2 is εr ~ 3.9; the thickness of the gate 
dielectric is d ~ 330 nm; the width and thickness of the MoS2 edge ribbon are 300 nm and 
10 nm, respectively. In Figure A.1(c), the average gate capacitance associated with a 300 
nm wide, 10 nm thick MoS2 ribbon per unit channel length is calculated to be 187.9 pF/m.  
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Appendix B 
Additional Nanoprinting Method for Making TMDC-Based Photovoltaic Devices; 
Nanoimprint-Assisted Shear Exfoliation (NASE) Process  
 
For scale-up PV applications, we need a new printing method to produce the 
multilayer TMDC flakes (50 – 200 nm) with the good thickness uniformity. In addition, 
TMDC flakes need to be printed onto metal electrodes to form a vertically stacked PV 
device structures in Figure B.1 
 
Figure B.1 (a) Illustration of multilayer TMDC flakes on Au back contact. For 
making a vertically stacked PV device structure, the multilayer TMDC flaks on 
Au contact are required.    
 
To address the needs mentioned above, we developed the nanoimprint-assisted 
shear exfoliation (NASE) process. Figure B.2 schematically illustrates the NASE process. 
The NASE process starts with a TMDC stamp and the fabrication of such TMDC stamp 
is described in Chapter 2.2.1. Here, the height of protrusive mesas of TMDC stamp can 
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Figure B.2 Schematic steps for printing uniform multilayer TMDC arrays into 
device sites on the substrate: The whole process consists of two critical sub-
processes – Steps (a)-(d): nanoimprint-assisted shear exfoliation (NASE) of pre-
patterned TMDC mesas from the bulk stamp onto a PDMS transfer stamp; Steps (e) 
to (f): transfer-printing of TMDC mesas from the PDMS stamp onto the device 
sites on the final substrate. The repetitive application of this process for printing 
different TMDC flakes can generate vertically stacked TMDC heterostructures. 
 
be well controlled by adjusting the plasma etching duration. This mesa height will 
determine the thickness of final printed TMDC flakes. The protrusive TMDC mesas are 
embedded into the PDMS transfer stamp by mechanical pressing (Figure B.2 (b)). Then, 
the relative shear displacement between a TMDC stamp/PDMS stamp pair is generated 
by gentle sliding (Figure B.2 (c)). Due to this shear displacement, the multilayer MoS2 
mesas already buried into the fixing PDMS stamp can be exfoliated away from the bulk 
MoS2 stamp (Figure B.2 (d)). Such multilayer MoS2 mesas on PMDS stamp can be 
subsequently transferred to the prepatterned Au contact by mechanical printing. Here, the 
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thermal annealing is used to clearly release MoS2 mesas from the PDMS transfer stamp 
(Figure B.2 (e)). Finally multilayer MoS2 mesas are well transferred onto Au contact with 
uniformly controlled thickness (Figure B.2 (f)). 
Figure B.3 displays the micrographs (OMs) of MoS2 mesa arrays in each NASE 
process. Figure B.3 (a) exhibits the uniform MoS2 mesa arrays exfoliated from a bulk 
stamp onto a PDMS transfer stamp. The thickness of MoS2 mesas can be estimated 
around 100 nm with the good thickness uniformity by a color coding method. The same 
MoS2 mesa arrays are printed from PDMS transfer stamp to prepatterned Au contacts on 
the SiO2 substrate (Figure B.3 (b)). Moreover, Figure B.3 (b) shows that MoS2 mesa 
arrays are easily printed onto Au surfaces by the direct mechanical printing. This result 
implies that metal surfaces have greater adhesion to TMDC flakes than the adhesion 
between dielectric surface and TMDCs. In addition, WSe2 mesa arrays are subsequently 
transferred on top of WSe2 structures, forming multilayer MoS2/WSe2 heterostructure 
arrays. Such heterostructures can be used for making photo-response devices in the future 
research. 
 
Figure B.3 Optical micrographs of (a) NASE-produced MoS2 mesa arrays on a 
PDMS transfer stamp, (b) MoS2 mesa arrays transfer-printed onto prepatterned Au 
contacts on the final substrate, and (c) WSe2 mesas subsequently printed onto MoS2 
mesas, resulting in vertically stacked MoS2/WSe2 heterostructure arrays. 
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